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ABSTRACT 
NEW INSIGHTS IN THE TSSK FAMILY: STUDIES IN THE ACTIVITY AND 
FUNCTION OF THE TESTIS SPECIFIC SERINE KINASES 
 
FEBRUARY 2010 
 
JULIAN SOSNIK, B.A., UNIVERSITY OF VIRGINIA 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Pablo E. Visconti 
 
 
The Testis Specific Serine Kinase (Tssk) family of proteins is a large group of kinases 
that present high level of conservation within paralogs, as well as within species.  In 
addition, in all reported cases as well as in the analysis of expressed sequence tags 
available in databases, this family of proteins presents a very strict pattern of either 
testicular or male-gonadal expression.  This high level of conservation prompted the 
postulate that these kinases ought to be important for either testicular function or 
fertilization.  In this work we attempt a biochemical characterization of one family 
member (Tssk6) in the mouse.  We also analyze the male infertility phenotype presented 
by mice null for Tssk6 revealing its requirement for actin dynamics and the relocalization 
of proteins necessary for gamete fusion.  In this analysis we described Tssk6 as the 
second protein known to date to be necessary in the sperm for gamete fusion to take 
place.  We also examined a novel member of the Tssk family in the mouse as well as 
ortholog proteins in two invertebrates (C. elegans and D. melanogaster). Although our 
understanding of the function, activity and regulation of these kinases remains small, this 
work constitutes a significant advance towards the understanding of the identity of the 
Tssk family.  The results that follow have far reaching effects that surpass the realm of 
the Tssk family.  They influence the study of sperm biological processes like the changes 
in sperm cytoskeletal structures and the acrosome reaction. They also influence the field 
of developmental biology and scientist working in the molecular characterization of the 
process of gamete fusion and zygote formation.  Lastly, the work here presented 
influences as well evolutionary developmental biology through the study of a highly 
conserved family of proteins that is essential for reproduction and could play a role in the 
process of speciation. 
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 1 
CHAPTER 1 
INTRODUCTION 
The Testis Specific Serine Kinase (Tssk) family of proteins is a highly 
conserved group of kinases that is present in a wide variety of organisms ranging from 
invertebrates all the way to mammals.  Several paralogs of these genes are present in 
most species presenting a high level of homology among them.  In addition, the levels 
of similarity between orthologs in the different species are also high.  The study of the 
tissue specificity of the transcripts of these genes through direct methods (northern 
blots, qPCR) or indirect ones (bioinformatic analysis of ESTs or virtual northern blots) 
reveals also a high level of conservation in the expression pattern, being this testicular 
or male-gonadal.  Although the name of this family of proteins implies a specific 
activity, the actual function and characteristics of the kinase activity remains mostly 
uncharacterized.  A very few number of physiologically relevant substrates have been 
identified to date and of these only a fraction have a known function that could be 
revealing of the signaling pathways in which these kinases could be involved. 
 
1.1.  Historical perspective on the Tssk Family 
The first Tssk family member was originally identified in mouse in 1993 (Bielke 
and others 1994) as a homolog of the human gene encoding rac protein kinase β.  Ever 
since then, new members have been discovered in this family of kinases yet they remain 
largely uncharacterized.  Only in recent years the activity and function of these kinases 
has begun to be uncovered and the signaling pathways and substrates on which they act 
are starting to be identified.  Mouse knockout technologies are being used as a means to 
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understand the physiological roles of the Tssk family members and although promising, 
difficulties arise in the unveiling of the true physiological relevance of these proteins 
because so little is known about their substrates.  These difficulties are compounded 
with the inability to formulate physiologically relevant in vitro assay protocols due also 
to the lack of information regarding the true physiological substrates, activators and 
inhibitors of the Tssk proteins. 
 
1.2.  Cloning of the different Tssk family members in human, mouse and other 
species 
In 1994 the first publication appeared describing the cloning of a testis specific 
kinase in the mouse termed then Tsk1 (Bielke and others 1994).  In this work the 
authors use a degenerate primer strategy searching for novel kinases.  They went on to 
use the cloned fragments to analyze mouse tissues and determine the testis specificity of 
the cloned product and screen a mouse testis library to clone the first member of the 
family.  Sequence homology with the then known genes revealed homology to the 
human rac protein kinase b and a group of serine/threonine kinases from yeast.   
The group of Dr. Buck in Philadelphia identified a region in the mouse 
chromosome 16 synthenic to the DiGeorge syndrome minimal region in human 
chromosome 22 (Galili and others 1997).  This group identified several novel proteins 
arising from this region including two testis specific serine kinase family members: 
Tsk1 and Tsk2.  Today these proteins have been renamed Tssk1 and Tssk2.  TSSK2 was 
then found to be homologous to the DGS-G gene from the 11 DiGeorge syndrome 
genes previously mapped and of unknown function.  The group would later publish a 
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manuscript identifying the protein expression pattern during spermatogenesis in the 
mouse (Nayak and others 1998). 
The laboratory of Dr. Ziemiecki also published a second manuscript identifying 
Tssk1 and Tssk2 as kinases capable of phosphorylating a ~65kDa substrate of unknown 
identity.  They also show for the first time that these proteins are expressed post-
meiotically during the mouse spermatogenic process and identified their activity as 
serine kinases (Kueng and others 1997).  The human ortholog of the unidentified 
substrate was subsequently cloned and also characterized as the testis specific product 
of the gene termed Testis Specific Kinase Substrate (TSKS) (Scorilas and others 2001).  
Interestingly, this manuscript also describes how this gene is downregulated in cells 
derived form various different types of testicular cancers.   
New reports expand this family of kinases with the publication of the cloning of 
Tssk3 in mouse (Visconti and others 2001; Zuercher and others 2000).  These reports 
establish also the expression of this novel member of the family as testis specific during 
the post-meiotic phase of spermatogenesis.  The Kopf’s lab also identified the human 
ortholog TSSK3 and characterized it as testis specific.  Both genes were mapped using 
fluorescent in situ hybridization to synthenic regions of human and mouse 
chromosomes 1q34-q35 and 4E1 respectively (Visconti and others 2001). 
In 2004 a new report indicated the cloning of the first human orthologs of the 
Tssk family.  Human TSSK1 and TSSK2 were cloned and showed to be testis specific 
(Hao and others 2004).  This work also showed by qPCR that the transcripts for TSSK3 
and TSSK6 were also testis specific using RNA from human tissues as templates.  The 
report also shows the actual interaction between TSKS and TSSK2 and its ability to 
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both autophosphorylate and to phosphorylate TSKS. Finally the reports shows for the 
first time the presence of a member of the TSSK family (probably TSSK2) in the 
equatorial segment of human sperm (Hao and others 2004).  TSSK6 was subsequently 
cloned from human mRNA and demonstrated to be a testis specific serine kinase 
(Spiridonov and others 2005). 
TSSK4 was cloned in humans (Chen and others 2005) and only recently its 
mouse ortholog was identified as presenting different splicing variants (Wei and others 
2007).  This is significant since all other mouse transcripts are intronless.  The reported 
splicing variants possess different kinase activities suggestive of either substrate 
selectivity or more interestingly, of a regulatory mechanism in which non-active kinases 
sequester substrates to prevent their phosphorylation. 
Two other manuscripts report the cloning of Tssk homologs in bull (Bissonnette 
and others 2009) and a marine bivalve mollusk (Boutet and others 2008).  Although not 
reported in papers, Tssk homologs are published in public databases in a variety of 
species including simian and non-simian primates, horse, swine, marsupials, 
monotremes, birds, bony fishes, tunicates, echinoderms, insects and nematodes.  This 
family of kinases reveals great conservation in a diverse number of species implying an 
important role in testicular function and/or fertilization. 
 
1.3. Characterization of Tssk family members through in vitro activity assays 
Attempts have been made to understand the biochemical characteristics of this 
family of kinases and to characterize its activity.  To this end, several groups have opted 
for in vitro approaches using recombinant proteins.  Because no substrates other than 
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Tsks were known, some groups opted to use it for their assays (Hao and others 2004).  
Other groups opted for a yeast two-hybrid approach to identify interacting partners and 
used them as possible substrates.  This is the case of the report that Tssk4 can 
phosphorylate CREB stimulating the CRE/CREB pathway (Chen and others 2005).  
Another report, also through the use of yeast two-hybrid, reports that TSSK2 can 
phosphorylate SPAG16L (Zhang and others 2008).  Alternatively, co-
immunoprecipitation followed by MS/MS was used as a strategy to identify complexing 
proteins that could also be substrates (Spiridonov and others 2005).  Finally, other 
works have opted for the use of auto-phosphorylation and other standard substrates like 
the AMARA peptide (Jaleel and others 2005) or myelin basic protein (MBP) (Bucko-
Justyna and others 2005). 
Most of these works limit their characterization of the kinase activity to identify 
the ability of the Tssk family members being studied to specifically phosphorylate the 
substrate being proposed.  Two publications however stand above the others in that they 
try to describe the biochemical characteristics of the kinase and the regulation of such 
activity.  In 2005 the group of Dr. Alessi published a manuscript describing SNRK as a 
substrate of LKB1 (Jaleel and others 2005).  In this work the authors include TSSK1 as 
a control protein due to similarities in the structure of the T-loop sequence.  This 
publication shows that TSSK1 can be autophosphorylated, can also be phosphorylated 
by LKB1 and these phosphorylation events upregulate the kinase activity of TSSK1.  
The other manuscript comes from the laboratory of Dr. Trzeciak and presents a very 
elegant and complete biochemical characterization of the activity of TSSK3 (Bucko-
Justyna and others 2005).  This work analyzes the optimal conditions for TSSK3 
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activity including temperature, pH and divalent cation preference.  In this respect, a 
very interesting finding is the higher serine kinase activity of TSSK3 in buffers 
containing MnCl2 instead of the traditional MgCl2. This work also shows that just as in 
the case of TSSK1, TSSK3 can autophosphorylate or be phosphorylated in the T-loop 
and that this phosphorylation regulates the kinase activity.  A difference found was that 
the kinase that can activate TSSK3 is the pyruvate dehydrogenase kinase 1 (PDK1). 
Activating signals upstream from PDK1 as the stimulation by insulin in somatic cells 
also upregulate TSSK3.  Finally, this manuscript makes an attempt of establishing a 
TSSK3-dependent phosphorylation consensus motif using degenerate peptides as 
substrates.  Efforts have also been focused in the understanding of the activity and 
function of Tsks, the novel substrate of Tssk1 and Tssk2.  Two pieces of work have 
recently appeared from the laboratory of Dr. Herr analyzing the idea of targeting Tssk1, 
Tssk2 and Tsks as contraceptive targets (Xu and others 2007)  and localizing Tsks to 
the spermatozoon centrioles during flagellogenesis (Xu and others 2008b). 
 
1.4.  Functional analysis of Tssk through KO and other technologies 
An alternative approach recently utilized to unveil the function of Tssk family 
members consists in the generation of mice null for one or more of these genes.  Two 
groups have now reported the generation of Tssk1 and Tssk2 double knockout mice.  
Tssk1 and Tssk2 are adjacent in chromosome 16 in the mouse at a relatively close 
distance (3.3Kb) making the single deletion more complicated since the arms of the 
targeting construct should include the gene for the reciprocal protein thus making a 
double knockout strategy more appealing.  On the other hand, the double deletion 
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makes the characterization of the phenotype more difficult to analyze since the effects 
observed could be due to either gene independently or a combined effect.  Although a 
phenotype was found, the two reports on the double deletion of Tssk1 and Tssk2 are 
somewhat conflicting on their findings.  The first report indicates that the Tssk1 and 
Tssk2 double null mutant mice presents a male infertility phenotype (Shang 2007).  The 
report was presented in the 2007 meeting of the society for the study of reproduction 
and no other publication has appeared to date about this mouse.  The abstract solely 
indicates that the mouse null for both genes was generated, that there are no notable 
somatic abnormalities but that the males are infertile, probably due to deregulation of 
spermatogenesis at post-meiotic steps.  The second group also indicates a male infertile 
phenotype but the cause in this case is haploinsufficiency (Xu and others 2008a). In 
spite of having good germ cell transmition of the targeted disruption in chimeric 
animals, this group was unable to obtain heterozygous animals probably due to the 
severe spermatogenic defects that male chimeras presented.  This further complicates 
the task of identifying the function, activity and regulation of these kinases. 
The other member of the Tssk family for which a targeted disruption has been 
generated is Tssk6.  Work from the laboratory of Dr. Johnson from 2005 reports the 
generation of a Tssk6 null mouse (Spiridonov and others 2005).  In this publication the 
authors report as in the case for Tssk1 and Tssk2 null mice that there are no notable 
somatic abnormalities yet the males are infertile.  They also indicate a condensation 
abnormality and suggest a mechanism by which Tssk6 is required for the 
phosphorylation of histones that in turn is suggested to play a role in protamine 
substitution during condensation. Our laboratory further analyzed of the Tssk6 null 
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mouse phonotype.  These results are part of the present work and have in part been 
published.  The publication is appended to this work.  This new analysis of the Tssk6 
null mice found no defects in sperm head condensation yet encountered a variety of 
defects that compound each other making the males null for Tssk6 infertile.  The defects 
encountered include low number of sperm, morphological defects, motility defects and 
an inability of the sperm to fertilize in vitro (Sosnik and others 2009).  In addition this 
work shows that Tssk6 was required for gamete fusion and associated this defect with 
the lack of relocalization of the protein Izumo, previously characterized as necessary for 
the sperm egg fusion (Inoue and others 2005).  These defect have also been associated 
with defects in the polymerization of actin in the sperm head, event required for the 
active relocalization of Izumo. 
Two other reports present alternative means to study the function and regulation 
of the Tssk genes and their protein products.  The first report from the lab of Dr. Liu 
presents its findings identifying a peptide substrate of Tssk1 and development of two 
methods utilizing this peptide for high throughput screening of small molecule 
inhibitors of the kinase (Zhang and others 2009).  In this work the authors identify three 
small molecule inhibitors of Tssk1 with varied IC50. The specificity of these inhibitors 
for Tssk1 remains to be shown yet this finding constitutes a great advance in the tool 
development for the study of the Tssk family of kinases. Although the specificity of 
small molecule inhibitors is always a concern, the upside of their use in contrast with 
KO technologies is the ability to target the disruption of the protein of interest in a 
timely manner, permitting the differentiation of the involvement in spermatogenesis 
from that of the activity in the mature spermatozoa. 
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A completely different approach to the study of the gene regulation of Tssk 
family members is the one coming in a report from the laboratory of Dr. Ma.  In this 
report the authors find that the RNA binding protein DAZL is capable of complexing 
with messages from the Tssk genes (Zeng and others 2008).  DAZL is the product of a 
germ cell specific gene and its activity has been associated with the binding of different 
RNAs.  It is hypothesized that DAZL sequesters mRNAs, protecting them from 
degradation but preventing their translations resulting in a post-transcriptional 
regulation of the gene expression.  By analyzing the different transcripts bound to 
human and mouse DAZL, Zeng and others suggest that the function of DAZL in these 
two species might differ and thus the global gene regulation might be different in 
humans than in mouse.  Because DAZL binds mRNA encoding Tssk proteins, they 
suggest that the Tssk gene regulation in humans and mouse could differ. 
 
1.5.  Clinical relevance of Tssk family members 
The remarkably conserved pattern of expression of the Tssk family members has 
inspired scientists for a long time in using them as targets for contraception.  The Tssk 
family of proteins presents itself as a candidate due to the possibility of 
pharmacologically targeting kinases, the originally presumed and today confirmed 
requirement for male fertility and the restricted pattern of expression that suggest 
minimal or null of-target effects.  These characteristics also permit the possibility of 
targeted inhibition of the kinases in cancerous tissues where they have been identified 
either as oncogenes, as required for cell survival or as de-sensitizers for inhibitors of 
different targets.  In this context three independent groups have reported Tssk1, Tssk2 
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and TSSK6 as possible targets with therapeutic value in different cancer types(Baldwin 
and others 2008; Boehm and others 2007; Turner and others 2008).   
The first report indicates that the activation of ERK and PI3K have a 
transformative effect in human cell lines rendering them cancerous.  PI3K activity 
however can be substituted by other kinases like IKBKE or TSSK6 (Boehm and others 
2007). Although TSSK6 expression has not been reported in cancerous cell lines, its 
transformative effect categorizes it as a putative oncogene.  A second report indicates 
that RKO colorectal carcinoma cell lines that do not express the human papilloma virus 
gene HPV 16 E7 require the expression of Tssk2 for survival as indicated by a shRNA 
screen (Baldwin and others 2008).  A third manuscript reporting a synthetic lethal 
screen identifying genes mediating sensitivity to a PARP inhibitor identified Tssk1 as 
one of these genes (Turner and others 2008).  Downregulation of Tssk1 by siRNA 
increased the sensitivity to the inhibitor of PARP in cells with deficiencies in BRCA1 
and BRCA2.  This is encouraging since such inhibitors are being clinically tested and 
the inhibition of Tssk1 through either siRNA or small molecule inhibitors could 
synergize the effect of such an inhibitor cocktail lowering their toxic effects and 
increasing their efficiency.  
In addition to the possibility of using Tssk family members as targets for 
contraception, other clinical approaches are of great interest.  The analysis of Tssk 
deficiencies in infertile men can also bring light to the understanding of the function and 
activity of these proteins and might result in therapies or diagnostic tools for male 
infertility.  Such is the case of a report of the analysis of single nucleotide 
polymorphisms (SNPs) in TSSK4 and an association with azoospermia and severe 
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oligospermia (Su and others 2008).  Although more evidence is needed to make strong 
conclusions this report suggests that the variant SNPs could affect the splicing of the 
protein supporting the idea that kinase inactive splicing variants of TSSK4 could act as 
regulators by controlling the accessibility of substrates by the kinase active form of the 
protein. 
Finally, a recent report proposes the use of Tssk6 mRNA transcript levels in 
sperm for the veterinary clinical analysis of bull sperm and as a predictor of fertilizing 
ability (Bissonnette and others 2009).  In this work the authors find variable levels of 
Tssk6 mRNA in sperm from bull ejaculates and are able to correlate these difference to 
parameters that are used as predictors of sperm fertilizing ability. This report is 
interesting in various fronts. First because it is the first report that suggests the use of 
Tssk family members as predictors of fertilization success in the veterinary clinic where 
great pressure exists from the animal and food industries to formulate methods that 
ensure fertilization with semen derived only from a few individuals.  It is also 
interesting because it suggests that the existence of variable levels of mRNA in sperm is 
a predictor of fertilizing ability.  Because the sperm is translationally silent, this 
conclusion suggests that Tssk6 could have roles outside the sperm with transcripts being 
translated and active in the zygote.  Lastly, this is the first report of the analysis of a 
Tssk family member in a mammal other than human and mouse.  Due to the high level 
of conservation of this family of proteins, homology study and the correlation of 
orthologs with functions, activities and regulations will play a mayor role in our 
understanding of the true importance of these proteins 
. 
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CHAPTER 2 
BIOCHEMICAL CHARACTERIZATION OF TSSK6 
2.1.  Introduction 
Spermatogenesis is responsible in the testis for the production of functional 
spermatozoa. This process is divided in three stages. Initially, spermatogenesis involves a 
proliferative phase in which spermatogonia undergo mitotic divisions and generate 
spermatocytes; secondly, the meiotic phase is responsible for generating haploid 
spermatids; finally, the postmeiotic phase, known as spermiogenesis, is characterized by 
a profound morphological differentiation. Spermiogenesis includes the formation of the 
acrosome, condensation and reorganization of the chromatin, elongation and species-
specific reshaping of the cell, and the assembly of the flagellum (Sharpe, 1994). Although 
the molecular mechanisms regulating these events are poorly understood, it is known that 
during spermiogenesis there are significant changes in both transcription (Hecht, 1988) 
and translation (Hake et al., 1990). Some of the proteins translated in the haploid 
spermatid will remain in the morphologically mature sperm after it leaves the testis.  
Therefore, proteins that are synthesized during spermiogenesis might be necessary for 
spermatid differentiation and/or for sperm function during fertilization.  
Given the importance of phosphorylation events in the regulation of cellular 
signaling processes and differentiation, it is not surprising that several protein kinases 
have been shown to be involved in spermatogenesis (Sassone-Corsi, 1997).  Some of 
them are exclusively expressed in germ cells or in the testis (Jinno et al., 1993; Walden 
and Cowan, 1993; Nayak et al., 1998; Toshima et al., 1998; Tseng et al., 1998; Shalom 
and Don, 1999; Toshima et al., 1999). Among them, the testis specific serine kinase 
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(Tssk) gene family is postmeiotically expressed in male germ cells (Bielke et al., 1994; 
Kueng et al., 1997; Visconti et al., 2001). The conserved testicular expression pattern of 
Tssk genes as well as the importance of phosphorylation in signaling processes strongly 
suggest that kinases of the Tssk family have role(s) in germ cell differentiation and/or 
sperm function.  
Results from this chapter have been partially published in the Journal of Cell 
Science (Sosnik and others 2009). 
2.2.  Results 
2.2.1.  Tssk6 is expressed during spermatogenesis and is present in mature sperm 
Previous work from our laboratory had shown that in humans, Tssk6 is 
transcribed almost exclusively in the testis (Hao and others 2004).  In order to establish 
when and where the Tssk6 protein was expressed, we performed immunofluorescence 
analysis on sections of fixed-paraffin-embedded adult mice testis with an antibody that 
recognizes Tssk6. In order to identify different stages of spermatogenesis, the peanut 
lectin PNA was used.  PNA specifically labels the sugars of acrosomal glycoproteins and 
in the testis, marks their appearance in post-meiotic condensing spermatids.  Our results 
show a pattern of protein localization for Tssk6 that coincides with that of the lectin 
PNA, indicating that Tssk6 is translated post-meiotically and persists throughout 
spermatogenesis (Fig. 2.1-A).  Noteworthy, the interstitial space signal for Tssk6 as well 
as that of the basement membrane are also present in images with secondary antibody 
alone (data not shown) and are due to the fact that the anti-Tssk6 antibody is raised in 
mice and used in mice so the secondary antibody used recognizes the mice’s own 
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immune cells.  The immunofluorescent images from the testis sections indicate that the 
signal associated with Tssk6 persist from condensing spermatids all the way to fully 
differentiated spermatozoon.  To verify this finding, western blot analysis of cauda 
epididymal sperm was performed.  Sperm were surgically obtained according to 
protocols approved by the Institutional Animal Care and Use Committee and lysed in 
Laemmli SDS buffer and analyzed by western blot.  The chemiluminescent reaction 
revealed that Tssk6 is indeed present in mature mouse sperm (Fig. 2.1-B).  Sperm from 
Tssk6 null mice (KO) was used as a negative control.  The membrane was later re-probed 
with anti-Tubulin antibody as loading control.  
 
2.2.2.  Tssk6 is not Triton-X100 soluble 
The kinase activity of Tssk6 has only been previously shown in vitro from 
recombinant fusion protein expressed in cell culture (Spiridonov and others 2005).  In 
order to test the kinase activity of the endogenous protein we attempted to 
immunoprecipitate Tssk6 from mature sperm.  As a first step towards this goal we tested 
the solubility of Tssk6 in a buffer containing 1% of Triton-X100 as a non-denaturing 
detergent.  After centrifugation at 104 G the supernatant and pellet were isolated and 
dissolved in Laemmli SDS buffer and equivalent fractions separated by SDS-PAGE.  The 
gel was blotted to a PVDF membrane and assayed with anti-Tssk6 antibody.  The results 
show that Tssk6 is not soluble in 1% Triton-X100 (Fig. 2.2-A).  Noteworthy, when 
similar extractions were made from a pull of Male Germ Cells (MGC) from minced adult 
testis, Tssk6 seemed to be partially soluble.  Similar results were obtained with other non-
denaturing buffers such as RIPA (data not shown).  An interesting observation from the 
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previous result is the fact that Tssk6 appears as a doublet in western blots.  To test if the 
doublet was due to different states of phosphorylation, the sperm extracts were treated 
with either alkaline phosphatase or excess of ATP.  These experiments show that the 
doublet is effectively due to changes in the phosphorylation state of the protein.  Because 
the MGC extract showed that the soluble fraction was present as a single band, we tested 
the alkaline phosphatase and ATP treated samples for solubility.  The results indicate that 
Tssk6 is insoluble in sperm, independently of its state of phosphorylation (Fig. 2.2-B).  
As an alternative explanation for the insolubility of Tssk6 from mature sperm we 
explored the possibility that Tssk6 was forming disulfide bridges with anchoring proteins.  
Sperm extracts were reduced in a buffer containing 1% triton-X100 and 100mM DL-
Dithiothreitol (DTT). Western blot analysis of the DTT treated sperm indicated that the 
insolubility of Tssk6 is not due to disulfide bridge formation (Fig. 2.2-C). 
Mature mammalian sperm lacks fertilization ability after ejaculation and requires 
a last maturational step in the female tract in order to acquire it.  This maturational step is 
termed Capacitation and can be replicated in vitro by incubation in a defined medium 
containing Ca2+, bicarbonate and a cholesterol sink like bovine serum albumin (BSA) or 
cyclodextrins (Visconti and others 1998).  This capacitation process is known to cause 
post-translational modifications in sperm proteins that include large changes in protein 
phosphorylation and location (Jha and others 2006; Miranda and others 2009; Salicioni 
and others 2007).  A second process known to produce changes in protein post-
translational modifications is the acrosome reaction (AR) where upon contact with the 
extracellular matrix of the egg (zona pellucida –ZP), the spermatozoon undergoes a series 
of changes that lead to a large exocytotic reaction where compartmental membranes fuse 
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and the content of the large vesicle known as the acrosome is released.  (Brener and 
others 2003; De Blas and others 2005).  We decided to test whether any of these two 
processes had an effect on the phosphorylation status and solubility of Tssk6.  Sperm was 
obtained from the cauda of the epididymis of adult mice and incubated in media 
conducive for capacitation for 90 minutes (Cap).  Control samples were incubated in 
media not conducive for capacitation (NC).  A third set was incubated for the final 30 
minutes with the Ca2+ ionophore A23187 to induce the acrosome reaction (AR).  These 
samples were then divided in two and separated by SDS-PAGE and analyzed by western 
blot probing against Tssk6 (Fig. 2.3-A) and tyrosine phosphorylated proteins as a control 
for the capacitation process (Fig. 2.3-B).  The results indicate that there are no changes in 
either phosphorylation status or solubility of Tssk6 (data not shown).   
Immunofluorescence analysis of the localization of Tssk6 in mature sperm 
revealed that the protein resides in the post-acrosomal compartment and connects 
anteriorly with the perforatorium (Fig. 2.3-C and Movie 1).  This location is coincident 
with that of polymerized actin in capacitated sperm (Fig. 2.3-C). As previously observed 
by other authors (Dvorakova and others 2005; Etkovitz and others 2007), polymerized 
actin was observed in the mid-piece and in a region that includes the posterior head and 
perforatorium of WT sperm (Fig. 2.3-C). Interestingly, the localization of polymerized 
actin in the head is analogous to the one observed for Tssk6 (Fig. 2.3-C). We investigated 
whether changes in actin polymerization were responsible for the changes in Tssk6 
phosphorylation or solubility. We used the toxin latrunculin A that binds monomeric 
actin preventing polymerization into filaments.  This treatment showed no effect in Tssk6 
phosphorylation (Fig. 2.3-A) or solubility (Fig. 2.5-A).  Because latrunculin A has no 
 17 
effect on filaments already formed, we further assayed the possibility of actin being 
responsible for the insolubility of Tssk6 by treating the sperm extracts with Gelsolin, an 
enzyme that selectively depolymerizes actin filaments.  Gelsolin treatment had no effect 
on the solubility of Tssk6 as assayed by western blot (Fig. 2.3-D).  As a control for the 
activity of Gelsolin, the same membrane was tested for the presence of actin (Fig. 2.3-E) 
in the supernatant and pellet.   
Together, these results indicate that Tssk6 is expressed post-meiotically during 
spermatogenesis and is present in the mature spermatozoon.  The protein is however not 
soluble and this lack of solubility is not due to disulfide bonds or association with the 
actin cytoskeleton.  Tssk6 is present as differentially phosphorylated forms, yet the 
phosphorylation status does not seem to play a role in the solubility of the protein.  
Neither the solubility nor the abundance of the differentially phosphorylated forms of the 
protein seemed to be affected by the processes of capacitation or acrosome reaction. 
 
2.2.3.  Cloning of Tssk6 
Due to the insolubility of Tssk6 from sperm we decided to proceed with the 
characterization of the Tssk6 kinase activity in vitro utilizing recombinant protein.  In 
order to express the protein in bacteria, the entire coding sequence was originally cloned 
from polyadenylated adult mouse testis mRNA.  The sequence was obtained from the 
NCBI repository (appendix IV) and primers were designed to clone the whole gene 
including portions of the 3’ and 5’ un-translated regions (UTRs) (Table 2.1).  The 
transcript was amplified through PCR using primers MRS1 and MRA1.  The product of 
the reaction was cloned directly into the pCR®4-TOPO® vector (appendix V) and 
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transformed into DH5α E. coli.  The transformants were grown on agar plates and 
individual clones sequenced (appendix IV).  The confirmed sequence was subsequently 
used to subclone the coding sequence into pGEX-KG2 (appendix V) for expression and 
purification.  Compatible restriction enzyme sites were added in the appropriate frame 
through PCR using the primers JSS26 and JSA36 (Table 2.1) and Pfu as the polymerase. 
The PCR product was subsequently digested and ligated into the vector using T4 ligase. 
The new vector was purified from individual bacterial clones and sequenced (appendix 
IV).   
 
2.2.4.  Bacterial expression and Activity of Tssk6-GST fusion protein 
BL21(DE3) E. coli were transformed with the pGEX-KG2-Tssk6 vector 
generated as indicated above.  Single clones were subsequently used for the generation of 
the Tssk6-GST fusion protein.  Standard protocols for induction with IPTG were utilized 
with concentrations ranging from 10 to 500 µM at 37˚C shaking at 250 rpm.  
Independently of the time of induction and IPTG concentration, recombinant Tssk6 
remained in inclusion bodies.  Alternative protocols were used in an attempt to obtain 
soluble protein.  Suspecting that the protein had a high level of toxicity, basal expression 
was reduced by overnight incubation in LB containing 2% glucose.  The cultures were 
then diluted to OD600 between 0.5 and 0.6 and cooled for 90 minutes to 20˚C.  The 
protein expression was then induced with 100 µM IPTG for 5 hours shaking at 250 rpm 
and at a temperature of 20˚C.  This protocol proved to generate soluble recombinant 
protein that could be put in solution in a non-denaturing manner and purified in a GST 
column.  The flow trough and first two elutions were preserved and analyzed for purity 
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by silver staining (Fig. 2.4-A) and for specificity by western blot (Fig. 2.4-B & C).  
Bacteria transformed with the pGEX-KG2 vector lacking an insert were used as negative 
control.  The analyses performed revealed that acceptable levels of purity were being 
achieved and that the protein product was indeed Tssk6-GST.  The protein concentration 
of the first elution was determined to be of 2 µg/µl by the Bradford method.   
Kinase assays were performed with 10 ng of the purified protein in buffer 
containing 20 mM Tris, 1% Triton-X100, protease inhibitors, 0.1 µCi of 32P-γATP and 
salt.  The salt conditions tested were as follow: 1) 10 mM MnCl2; 2) 10 mM MgCl2; 3) 5 
mM MnCl2 + 5 mM MgCl2; 4) 10 mM EDTA as a negative control.  As an additional 
negative control, equivalent volume of a purification of bacteria induced to express the 
empty vector containing only the GST purification tag.  Additionally, a positive control 
consisting in 5 ng of commercially procured recombinant TSSK2 was also run.  The 
assay also contained 5µg of myelin basic protein (MBP) as a phosphorylation substrate.  
The assay time was 30 minutes and the constant temperature was 30˚C.  The assay was 
stopped by addition of Laemmli buffer and boiled for 10 minutes.  The samples were then 
separated by SDS-PAGE and transferred to a PVDF membrane.  The membrane was 
subsequently exposed to radiographic film.  The results show that recombinant protein 
obtained from bacteria has no activity in our hands (Fig. 2.4-D).  Although the assay 
worked as attested by the positive reaction for TSSK2, the bacterial recombinant protein 
fails to show activity above background levels as compared with the empty vector 
control.  This result could mean that Tssk6 requires post-translational modifications that 
are not present in the prokaryotic system.  As a possible solution for this problem the 
kinase was expressed in mammalian cells. 
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2.2.5.  pCS2+MT-Tssk6 Transfection and solubility in different mammalian cell 
lines 
The inability of obtaining active Tssk6 from bacterial extracts could be due to the 
lack of posttranslational modifications.  To eliminate this possibility we opted from 
avoiding prokaryotic systems and moving directly to mammalian cell culture system.  A 
mammalian expression construct was made by addition of new restriction sites to the 
Tssk6 open reading frame through PCR and subcloning into the pCS2+MT vector.  This 
is an open source vector that contains a myc tag for purification and/or detection.  
Primers JSS27 and JSA37 (Table 2.1) were used and Tssk6 was cloned between the 
BamHI and ClaI restriction sites of the multiple cloning site of the vector.  After 
transformation into DH5α E. coli for amplification, the purified plasmid was sequenced 
(Annex IV).   
As Tssk6 proved to be insoluble in sperm, we first establish the solubility of this 
new recombinant protein in Cos7 cells.  To this end, Cos7 cells were cultured and split 
into plates at 30% confluency and after 24 hours transfected with 1µg of vector in 100 µl 
of RPMI medium containing 3µl of Fugene-HD® per 2.5*106 cells. The cells were lysed 
48 hours after transfection in buffer containing 1% Triton-X100 as a non-denaturing 
detergent.  The soluble fraction was isolated from the insoluble pellet by centrifugation at 
104 G at room temperature for 5 minutes and the extracts separated by SDS-PAGE and 
analyzed by western blot.  The results indicate that just as in the case of the endogenous 
protein in sperm, Tssk6-myc fusion was insoluble in Cos7 cells (Fig. 2.5-A).  Because of 
the seemingly similar localization of Tssk6 and actin in sperm, treatment with the toxin 
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latrunculin A was attempted but failed to release the protein from pellets from both Cos7 
cells and sperm (Fig. 2.5-A).  To analyze whether Tssk6 altered the actin localization in 
Cos7 cells, co-transfection of Tssk6-myc construct and GFP-actin was performed. 
Comparison by fluorescence microscopy with cells transfected with GFP-actin alone 
revealed no effect in the localization of GFP-actin (Fig. 2.5-B).   
Because the Tssk6 construct was from mouse origin, transfection in a mouse cell 
line was attempted.  NIH-3T3 cells were chosen and transfected following the same 
procedure used with Cos7 cells.  Western blot analysis of the cell lysates revealed that 
Tssk6-myc from NIH-3T3 cells was also insoluble (Fig. 2.5-C).  Treatment with 
latrunculin A also failed to release Tssk6-myc from the cell lysates pellet (Fig. 2.5-C). 
Immunofluorescent analysis of transfected cells was performed with anti-myc (clone 
9E10) antibody using phalloidin as a counterstain.  The results reveled no real co-
localization of actin and Tssk6-myc (Fig. 2.5-D).  Interestingly, when the same procedure 
was attempted in 293T cells (a human cell line) the results showed that the protein was 
mostly soluble (Fig. 2.5 E).  Due to the possibility of producing soluble Tssk6-myc in 
293T cells, this cell line was selected to produce Tssk6-myc for in vitro kinase assays. 
 
2.2.6.  Tssk6-Myc Kinase activity 
Immunoprecipitated recombinant Myc-Tssk6 was used for in vitro kinase assays 
to determine the biochemical characteristics of Tssk6.  After the immunoprecipitation 
was performed the sepharose beads were washed and re-suspended in kinase assay buffer 
containing 20 mM TBS pH 7.2, 1% Triton-X100, protease and phosphatase inhibitors 
and Myelin Basic Protein (MBP) as a substrate. The assays were performed in the 
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presence of either 10mM Mg2+, 10mM Mn2+, 5mM Mg2+ + 5mM Mn2+ or in the absence 
of a divalent cation and the addition of 10mM EDTA. The reactions were started by the 
addition of 32P-γATP and incubation for 30 minutes at 37˚C and terminated by addition 
of Laemmli buffer and boiling for 10 minutes.  Immunoprecipitates of 293T cells 
transiently transfected with the same vector but lacking the Tssk6 gene were used as 
negative controls.  For a positive control, an assay with 5 ng of commercially available 
TSSK2 was run in parallel.  The samples were then separated by SDS-PAGE and 
transferred to PVDF membranes for analysis.  The membranes were first exposed to 
radiographic film for autoradiography and then assayed by western blot with anti-Myc 
(9E10) antibody and secondary detection performed with anti-mouse Ig light chain 
antibody conjugated to HRP followed by chemiluminescent reaction.   The initial assay 
showed phosphorylation of a band of about 90 kDa for the Tssk6 reactions that was 
absent in the empty vector controls (Fig. 2.6-A).  Western blot analysis shows the 
presence of Tssk6 in the assay (Fig. 2.6-B).  Previous work had reported that HSP90 was 
a substrate for Tssk6 (Spiridonov and others 2005).  In order to confirm this possibility, 
western blot analysis was performed in samples similar to the ones assayed using ant-
HSP90 antibody revealing a specific band at 90kDa (Fig. 2.6-C arrow). 
In order to determine if the presence of HSP90 was due to a physiological 
complexing with Tssk6 or a transient artifact of the in vitro reaction, a pre-clearing step 
with protein G-sepharose was added prior to the immunoprecipitation.  Kinase assays 
performed with recombinant Myc-Tssk6 after pre-clearing eliminate the 90kDa 
phosphorylation band and reveal the phosphorylation of a band that corresponds to the 
molecular weight of Myc-Tssk6. By changing the percentage of acrylamide from 10% to 
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12%, a lower molecular weight (~20kDa) band corresponding to MBP can also be 
observed (Fig. 2.6-D).  These bands are absent in both the empty vector control (pCS2) 
and non-transfected control (-) reactions.  Interestingly, although Tssk6 is theorized to be 
a serine/threonine kinase and thus its activity should be maximum with Mg-ATP, the 
stronger kinase activity is observed in reactions containing Mn-ATP.  Western blot 
control for the expression levels of Myc-Tssk6 indicates the presence of the protein only 
in the pCS2+MT-Tssk6 transfected cell assays (Fig. 2.6-E). 
 
2.2.7.  Tssk6-Myc mutagenesis 
Sequence analysis of Tssk6 identified 4 areas of interest that could be mutated in 
order to study the activity and regulation of the kinase activity of this protein (Fig. 2.7).  
The first of the candidate aminoacids targeted for mutagenesis is lysine 41that sits in the 
predicted ATP binding site and should be critical for the kinase activity (Fry and others 
1986; Walker and others 1982).  To address the specificity of the kinase activity of Tssk6 
a K41M mutant of the Myc-Tssk construct was generated by site directed mutagenesis as 
indicated in the materials and methods section. The second area of interest is the putative 
T-loop that sits between residues 165 and 180.  This domain is conserved among AGC 
kinases (a subgroup within the kinase superfamily) and the phosphorylation of threonine 
170 is thought to be required for the activation of the kinase (Bucko-Justyna and others 
2005; Jaleel and others 2005).   The T-loop of Tssk6 presents non-conventional features 
including a second threonine in position 169, a serine in position 168 and a tyrosine in 
position 171.  Because all of these residues are capable of accepting phosphorylation, 
mutants of all residues were made (Table 2.2).  The third area of interest in the presence 
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of serine 22 and tyrosine 23 within a consensus sequence for the regulatory domain of 
CDK1 (Norbury and others 1991).  This IGEGSY domain of Tssk6 is highly homologous 
to the IGEGTY domain conserved in CDKs and required for the regulation their activity.  
This suggests that members of the Tssk family of kinases could also be regulated by the 
dephosphorylation of tyrosine 23.  To this purpose, mutants of serine 22 and tyrosine 23 
were made (Fig. 2.2).  Finally, mutants of methionine 90 were also made in order to 
engineer a version of Tssk6 that could be susceptible to inhibition by the synthetic 
inhibitor NM-PP1.  This synthetic inhibitor has been used in the past with mutants of 
PKA and is capable to inhibit mutant PKA but not wildtype PKA (Morgan and others 
2008; Niswender and others 2002; Schauble and others 2007).  Myc-Tssk6 M90A and 
Myc-Tssk6 M90G were generated by site directed mutagenesis in order to test if NM-
PP1 could inhibit these mutants having no effect in the wildtype version of the protein.  
All the mutants generated are presented in Table 2.2 and their sequences in Appendix IV.  
The primers used for mutagenesis and screening of mutant clones are presented in Table 
2.1. 
 
2.2.8.  Activity assays for Tssk6-Myc mutants 
Kinase activity assays were performed with the mutated versions of Tssk6. Due to 
preliminary results, the reaction times were increased from 30 minute to 90 minutes and 
independent reactions were conducted with either 10mM Mg2+ or 10mM Mn2+ in the 
forms of MgCl2 and MnCl2.  All other parameters were kept as indicated in the materials 
and methods section.  As before empty vector constructs were used as negative controls 
and commercially available TSSK2 was used as a positive control for the reaction. The 
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results obtained from these assays show a differential activity that is dependent on the 
divalent cation (Fig. 2.8 and Fig. 2.9). However, analysis of the autoradiographs and 
comparison of the expression levels of Tssk6 present in each assay as ascertained by 
western blot analysis of the PVDF membranes indicates that the activity observed is 
likely to be due to proteins complexing with Tssk6 and not from Tssk6 itself.  The 
activities observed for the Tssk6 construct can also be observed in the mutant constructs 
that should not present activity like the K41M mutant.  In assays with the synthetic 
inhibitor NM-PP1, no inhibition was observed in the autoradiographs (Fig 2.9). 
The analysis of the quantitative assays performed was inconclusive due to the low 
counts obtained after scintillation reading.  The values obtained were at most twice of 
those obtained for the background readings yet the assays tested positive with over 25 
fold difference in the TSSK2 assays (data not shown).  The data was standardized for the 
different master mixes used and can be compared within the same constructs (Fig 2.10).  
Differences in transfection efficiency, fold expression and variable recovery after 
immunoprecipitation make the comparison between constructs uninformative and 
incorrect.  
 
2.3.  Discussion 
Tssk6 was originally discovered using bioinformatic approaches and different 
names were given; among them Tssk4 (Hao et al., 2004) and Sstk (Spiridonov et al., 
2005). In mouse and human tissues, Tssk6 is almost exclusively expressed in the testis. 
Previously, it was demonstrated that Tssk6 interacts with Hsp90-1b, Hsc70 and Hsp70 
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proteins; this kinase is able to phosphorylate histones H1, H2A, H2AX, and H3 but not 
H2B, H4 or transition protein 1 in vitro (Spiridonov et al., 2005). 
In the present work we show how Tssk6 is a postmeiotically expressed protein 
that remains present in the spermatozoa once mature (Fig. 2.1).  We have also shown how 
this protein is present in distinct states of phosphorylation and that these different post-
translational modifications are not an effect of either capacitation or acrosome reaction 
(Fig. 2.2 and Fig 2.3-A and B).  We indicated how Tssk6 is insoluble in Triton-X100 in 
mature spermatozoa yet partially soluble in total testis extracts.  The insolubility of the 
mature spermatozoa form of Tssk6 is not due to the different states of phosphorylation 
nor disulfide bridges or direct association with the actin cytoskeleton (Fig. 2.2 and Fig. 
2.3).  The great insolubility of this protein in native form seems to indicate that Tssk6 
could be part of a larger protein complex, specially considering the small size of this 
globular kinase.  Tssk6 sequence homology analysis and predicted 3D structure as 
modeled does not reveal any obvious hydrophobic planes or association motives making 
the prediction of how exactly the kinase could complex with other proteins not feasible 
(Fig. 2.7-B). The compounded results about the solubility with those of the inability to 
obtain a functional kinase from prokaryotic cells also seem to point to the importance of 
post-translational modifications for the activity of Tssk6 as well as the possibility that 
complexing could be required for activity (Fig. 2.4).  The production of Recombinant 
kinase in Cos 7 cells, additionally, shows an insoluble form of the kinase that is not made 
soluble by altering the actin cytoskeleton and also seems to be present in differential 
states of phosphorylation (Fig. 2.5), further supporting the idea of the participation in a 
larger protein complex.  In contrast, the inability of generating a functional kinase in 
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293T cells might be related with the lack of the necessary complexing partners and the 
lack of protein differentially phosphorylated (Fig. 2.5-E). 
In vitro kinase assays were unsuccessful in demonstrating the native activity of 
Tssk6 above background levels in qualitative assays as revealed in autoradiographic 
experiments.  Again, this could be due to either the lack of the activating/anchoring 
complex, the inability of 293T cells to activate the kinase or the lack of a suitable 
substrate in the assay.  To analyze these possibilities, two assays were performed in 
which the purified kinase was incubated with total sperm lysates in conditions favoring 
either phosphorylation (excess of ATP and phosphatase inhibitors) or dephosphorylation 
(lack of ATP and phosphatase inhibitors). Three variants of substrate were used in these 
experiments; lack of substrate to test for auto-phosphorylation, MBP as previously 
explained and soluble sperm extracts to assay for possible novel physiologically 
significant substrates. In these experiments however, no activity above background was 
shown either (data not shown) implying a more complex situation that might require 
more stringent conditions and possibly, concerted signaling pathways that are disrupted 
by lysing of the spermatozoa.  In addition, two other lines of evidence suggest another 
source of substrate that needs to be further considered.  Dr. Fissore’s lab has identified in 
the past Tssk6 in the fractions containing sperm factor from swine sperm (personal 
communication). Additionally, a recent publication identified Tssk6 mRNA in bull sperm 
(Bissonnette and others 2009).  These two pieces of evidence support the idea that 
additional substrates for Tssk6 could be found in the egg.  Possible further experiments 
include the in vitro assay of recombinant Tssk6 with egg extracts as well as the 
possibility of microinjection of Tssk6 mRNA into unfertilized eggs.   
 28 
Although the quantitative assays performed with the different Tssk6 mutants are 
not conclusive due to the low signal to noise ratio, some observed results indicate a trend 
that could be revealing of characteristics of the kinase. When assays were performed with 
different divalent cations, the kinetics of the kinase showed to be very different with 
Mg2+ that with Mn2+.  Further more, the kinase seemed to be more active with Mn2+, 
which is atypical for a serine/threonine kinase (Fig. 2.10-a and B).  This was noteworthy 
but not really novel since other serine/threonine kinases have been identified as having 
higher affinity for Mn2+ than for Mg2+.  In particular, the closest phylogenic relative of 
Tssk6, Tssk3 has been shown to be active in buffers containing Mn2+ but not in those 
containing Mg2+ (Bucko-Justyna and others 2005).  Nevertheless, the mutants of Tssk6 
that were supposed to be inhibitory of its activity like the K41M mutant or the 
T169A+T170A double mutant were inhibited in buffers containing Mg2+ but not in those 
containing Mn2+ (Fig. 2.10-A and B).  Similarly, the mutants generated to be responsive 
to the synthetic inhibitor NM-PP1, M90A and M90G mutants, were inhibited in a greater 
form than WT Tssk6 in buffers where Mg2+ was present and seemed to be stimulated in 
buffers containing Mn2+ (Fig 2.10-C and D).  Taking together, these results could be 
indicative of dual specificity (also observed in some qualitative assays) and in addition 
are suggestive of the existence of two metal-ATP binding sites in the ATP binding 
groove of the kinase.  This hypothesis has already been formulated for other kinases like 
Phosphorylase kinase (Huang and others 1994; Yuan and others 1993) and more recently 
for Casein Kinase 2 (Marin and others 1999).  Under this hypothesis, the mutations 
studied affect the traditional Mg-ATP binding site but not the Mn-ATP binding site.  In 
addition, mutants of methionine 90 destabilize the Mn-ATP binding site but get reshaped 
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and are capable of catalytic activity in the presence of the synthetic inhibitor NM-PP1.  In 
contrast, the M90A and M90G mutants are effective in maintaining the Mg-ATP binding 
activity and thus the kinase retains activity in these conditions and can be effectively 
inhibited by NM-PP1 since it blocks the site of Mg-ATP interaction with the kinase.  
Although this hypothesis remains speculative at most with the presented results, it signals 
an interesting path that could be studied through crystallographic analysis of Tssk6 
mutants soaked with the different variants of ATP, divalent cation and synthetic inhibitor. 
 
2.4.  Materials and methods 
Reagents and media were obtained from Sigma-Aldrich (St. Louis, MO) unless 
otherwise specified. Anti-Tubulin antibody clone E7 from the Klymkowsky lab was 
obtained from the Developmental Studies Hybridoma Bank, NICHD, NIH.  Mouse 
monoclonal antibodies against synthetic peptide corresponding to the C-terminal region 
(a.a. 218-273) of the mouse Tssk6 was generated and purified with protein G 
immobilized on agarose from Pierce (Rockford, IL). Alexa Fluor™ conjugated secondary 
antibodies, PNA, DAPI, Hoechst 33324 and Phalloidin were obtained from Molecular 
Probes (Eugene, OR). Horseradish Peroxidase conjugated secondary antibodies were 
obtained from Jackson Immunoresearch Laboratories (West Grove, PA).  Calcium 
ionophore A23187 and latrunculin A were obtained from Calbiochem (San Diego, CA).  
Gelsolin was purchased from Cytoskeleton (Denver, CO).  γ32P-ATP was obtained from 
Perkin Elmer (Waltham, MA).  Go-Taq polymerase and T4 Ligase were obtained from 
Promega (Madison, WI).  Restriction enzymes and DH5α chemi-competent bacteria were 
purchased from New England Biolabs (Ipswich, MA).  Pfu high fidelity polymerase was 
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obtained from Stratagene (La Jolla, CA).  Recombinant human Tssk2 protein was 
purchased from Invitrogen (Carlsbad, CA). 
 
2.4.1.  Animal Care and Use 
All procedures involving animal experimentation were conducted according to 
approved research animal protocols allowed by the University of Massachusetts 
Institutional Animal Care and Use Committee.  CD1 male were obtained from Charles 
River Laboratory, housed and manipulated according to protocol approved by the 
University of Massachusetts, Amherst’s IACUC.  
 
2.4.2.  Sperm Sample Preparation 
Sperm samples were obtained in HEPES buffered Whitten medium without BSA 
or NaHCO3 (Whitten and Biggers 1968) at 37˚C from epididymal cauda of  Tssk6 null 
mice or WT littermate control animals.  The caudæ were squeezed under dissecting 
microscope in the media above to extract as much sperm as possible.  The sperm was let 
in suspension for 7 minutes before further treatment (Hernandez-Gonzalez and others 
2006). 
 
2.4.3.  Western Blots 
Sperm samples were re-suspended in non-reducing Laemmli buffer (Laemmli 
1970) and boiled for 5 minutes.  The samples were then centrifuged at 104 G for 5 min. 
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and the supernatant was reduced for 2 min at 95˚C with 5% β-Mercapto-Ethanol.  
Samples were then separated as described before (Jha and others 2006). Briefly, samples 
were separated in 10% SDS-PAGE at a constant current of 20mA per gel until the dye 
front reached the end of the gel.  The protein was then blotted to PVDF membranes in 
Tris-Glycine-Methanol buffer for 60 minutes at a constant potential of 100V. The 
membranes were then blocked for at least 1 hour with 5% non-fat dry milk in PBS-0.1% 
Tween-20.  The membranes were then incubated with the appropriate antibody for no less 
than one hour, washed three times for 5 minutes with PBS-0.1% Tween-20, incubated 
with corresponding peroxidase-conjugated secondary antibody for 30 minutes and 
washed three times for 5 minutes with PBS-0.1% Tween-20.  The membranes were then 
developed using chemiluminescence.  
 
2.4.4.  Immunocytochemistry 
Cells were obtained as previously described and allowed to adhere to clean glass 
slides in drops at room temperature for 10 minutes.  The excess liquid was removed and 
the sperm fixed with methanol free 4% paraformaldehyde in PBS (for phalloidin staining) 
or 3.7% formaldehyde in PBS (containing up to 1.5% methanol, for antibody staining) for 
5 minutes at room temperature.  The fixing solution was then removed and the cells were 
permeabilized with 0.5% Triton-X100 in PBS for 5 minutes at room temperature.  The 
permeabilizing solution was removed and the slides were blocked for not less than two 
hours with PBS 0.1% Tween-20 0.5% BSA.  After blocking the slides were incubated 
overnight at 4˚C with the corresponding antibody in blocking buffer.  The following day 
the slides were washed 10 times with PBS-0.1% Tween-20 and then incubated with the 
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appropriate secondary antibody and desired counterstains diluted in blocking buffer for 
no less than 2 hours at room temperature.  The slides were then washed 10 times in PBS-
0.1% Tween-20, mounted with SlowFade® Light (Molecular Probes, Eugene, OR) 
mounting media, and left at 4˚C until imaged.  Imaging was performed with a Nikon 
Eclipse 200 inverted microscope equipped with Differential Interference Contrast optics, 
epifluorescence, a CCD camera and Open Lab imaging software. 
 
2.4.5.  Immunohistochemistry 
 Testis from adult mice were fixed whole in 3.7% formaldehyde in PBS 
overnight rocking at 4˚C.  The testes were then dehydrated by progressive Ethanol soaks 
for one hour each at concentrations of 70%, 80% 90% and 100% (two consecutive 1 hour 
soaks in 100%) followed by two thirty minutes soaks in xylene.  A one-hour soak in 50% 
Xylene 50% paraffin at 65˚C and a one-hour paraffin soak at 65˚C were subsequently 
performed prior to an overnight soak in 100% paraffin at 65˚C. The following day the 
testis were embedded in paraffin blocks and left to harden overnight 4˚C.   The blocks 
were scored and sectioned with an Olympus Cut 4060 microtome and the sections floated 
in miliQ water and mounted on superfrost plus™ slides and let to dry overnight.  The 
slides were then used immediately or kept dry at 4˚C.  Paraffin from the slides was 
removed by three consecutive washes in xylene at room temperature.  The slides were 
left to dry and the individual sections sectioned-off with a hydrophobic marker (Pap-
Pen®) for antibody economy.  The slides were then rehydrated by successive washes in 
decreasing concentrations of EtOH (100%, 100%, 90%, 80%, 70%).  The slides were 
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then washed five times for five minutes each in PBS containing 0.1% Tween.  The slides 
were then blocked and stained as for immunocytochemistry.   
 
2.4.6.  RNA Extraction and Reverse Transcription 
Testis from sexually mature mice were surgically obtained and washed twice in 
cold PBS.  The testes were then decapsulated and suspended by pipetting into 2 to 5ml of 
guanidinium buffer containing 4M guanidinium-thioisocyanate, 25mM Sodium citrate, 0.5 % 
Sarkosyl and 25mM β-mercapto-ethanol.  The RNA was then extracted by phenol 
chloroform and precipitated first by Isopropanol and subsequently by LiCl.  Finally, a 
new precipitation was performed with ethanol.  The clean total RNA was resuspended in 
DEPC water to 5µg/µl and kept in aliquots at -80˚C.  5µg of total RNA were used per 
reverse transcription using the SuperScript® III kit from Invitrogen as indicated by the 
manufacturer.  Briefly, the RNA is combined with oligio(dT)20 and dNTPs and denatured 
at 65˚C for 5 minutes.  The reaction was then annealed for 1 minute in ice and reaction 
mix containing reaction buffer, DTT, an RNase inhibitor, MgCl2 and the polymerase 
SuperScript® III.  The synthesis reaction took place at 50˚C for 50 minutes.  The reaction 
was terminated by heating to 85˚C and the remaining RNA was removed by treatment 
with RNase H.  Ten percent of the reaction was used as template for subsequent 
polymerase chain reactions.   
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2.4.7.  Polymerase Chain Reaction (PCR) 
Polymerase chain reaction was carried out following standard protocols.  Briefly, 
and unless otherwise specified, three step reactions were used throughout with denaturing 
temperatures of 95˚C, annealing temperatures ranging from 50 to 65˚C and extension 
temperatures of 68˚C to 72˚C depending in the polymerase used.  20 to 30 cycles were 
used giving 30 seconds for denaturing, 30 seconds for annealing and 1 to 2 minutes per 
Kb of amplicon for the extension step.  Buffer composition and MgCl2 concentration 
were adjusted according to manufacturers instructions for each polymerase used.   
 
2.4.8.  Mutagenesis 
The mutagenesis was performed by PCR with complementary primers spanning 
15 bases upstream and downstream of the target base/s.  Eighteen cycles of PCR were 
performed using Pfu polymerase and purified plasmid as template.  The temperatures 
used were 94˚C for denaturing, 55˚C for annealing and 68˚C for extension.  Two minutes 
per Kb (the length of the whole template construct was calculated) was used as the 
extension time.  After PCR the reaction was digested with DpnI for 60 minutes at 37˚C 
and 5µl of reaction were used to transform chemically competent bacteria.  As a control, 
a reaction lacking Pfu was used.  The transformants were plated in LB-agar plates and 
individual clones picked for screening and sequencing. 
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2.4.9.  Cell Culture 
Mammalian cells lines were obtained from the ATCC repository.  The cells were 
suspended in RPMI medium supplemented with penicillin-streptomycin, l-glutamine, 
sodium pyruvate and fetal bovine serum and plated in 10cm Petri dishes and kept in a 
humidity saturated 37˚C incubator with a 5% CO2 atmosphere.  The cells were assessed 
regularly and passaged when confluent.   
 
2.4.10.  Transient Transfection 
For transient transfections, cells were cultured and passaged into plates at 40-50% 
confluency and after 24 hours transfected with 1µg of vector per 2.5*106 cells in 100 µl 
of RPMI medium containing 3µl of Fugene-HD® (Roche, Indianapolis, IN) as indicated 
by the manufacturer.  Briefly, 100µl of RPMI were incubated for 5 minutes with 3µl 
FuGene HD @ RT.  1µg of the appropriate cDNA construct was added and incubated for 
an additional 15 minutes.  The solution was added to the cells and left undisturbed in CO₂ 
incubator. Cells were collected for assay 48 hours after transfection. 
 
2.4.11.  Immunoprecipitation (IP) 
Immunoprecipitation was performed from transiently transfected 293T cells. The 
cells were detach with 10ml of TBS and passed to a 15ml conical tube.  The cells were 
then centrifuged at 150 G for 5 minutes at RT.  The pellet was resuspended in 1ml TBS 
and passed to 1.5 ml Eppendorf tubes.  The suspension was then centrifuged at 5000 G 
for 5 minutes at RT.  The pellet was Lysed / resuspended vigorously (repeated up and 
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down pipetting through narrow bore tip) in 1.4 ml of Lysis buffer containing 20mM 
TRIS, 1% Triton-X100, protease inhibitors and phosphatase inhibitors.  The lysate was 
left at RT for 5 min and subsequently centrifuged at full speed for 10 minutes.  1.3ml of 
supernatant was added to 5µl of 50% slurry of pre-washed protein G beads for pre-
clearing and incubated at RT in end-over-end for 20 minutes.  The beads were 
precipitated by a short spin and 1.2ml of supernatant passed to a new tube containing 
30µl of 50% slurry of pre-washed protein G beads and 5 µl of 50X 9E10 antibody.  The 
tubes were incubated in end-over-end for 1 hour at RT.  The beads were washed 5 times 
with 200 µl of Lysis buffer each. 
 
2.4.12.  Kinase Assays 
Protein G beads from IP were resuspended in 10µl of kinase reaction buffer 
containing 20mM TRIS, 1% Triton–X100, protease inhibitors, phosphatase inhibitors, 
5mM MgCl2 or MnCl2 and MBP as a substrate.  The reaction was initiated by addition of 
10µl of the same base buffer containing 0.1µCi/µl 32P-γATP and incubated for 30 or 90 
minutes at 30˚C.  The reaction was stopped by addition of 5µl of 5X Laemmli buffer and 
boiled for 10 minutes.  The reactions were then separated by SDS-PAGE and transferred 
to PVDF membranes.  The membranes were exposed to radiographic film for 
autoradiography for varied periods of time and at different temperatures ranging from RT 
to -80˚V.  The membranes were posteriorly used for western blot analysis to determine 
protein recovery levels. 
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2.4.13.  Quantitative Kinase Assays 
Protein G beads from IP were resuspended in 10µl of kinase reaction buffer 
containing 20mM TRIS, 1% Triton–X100, protease inhibitors, phosphatase inhibitors, 
5mM MgCl2 or MnCl2 and a short peptide from MBP as a substrate.  The peptide 
contained positively charged aminoacids.  The reaction was initiated by addition of 10µl 
of the same base buffer containing 0.1µCi/µl 32P-γATP and incubated for 30 or 90 
minutes at 30˚C.  The reaction was stopped by addition of 20µl of 20% trichloroacetic 
acid and precipitated in ice for 20 minutes.  The reaction tubes were spun at full speed for 
10 minutes and 20µl of the supernatant spotted onto Whatman® P81 phospho-cellulose.  
Because the phospho-cellulose is negatively charged, the positively charged aminoacids 
from the substrate peptide adhere to the paper.  The papers were then washed in 0.5% 
phosphoric acid (80%) 5 times for 5 minutes each and left to dry.  The radioactive 
incorporation to the dry papers was subsequently measured using a scintillation counter. 
 38 
 
Figure 2.1: Tssk6 is expressed during spermatogenesis and is present in mature 
mouse sperm 
A) A paraffin embedded testis from an adult mouse was sectioned and immunostained for 
Tssk6.  Cross section of a single seminiferous tubule shows the post-meiotic expression 
of Tssk6 (red) on condensing spermatids.  The spermatogenic stage is revealed by the 
presence of acrosomal glycoproteins stained in green by the peanut lectin PNA. The blue 
staining obtained with DAPI marks the cells nuclei.  Because the anti-Tssk6 antibody 
used is made in mice, non-specific staining of the secondary antibody can be seen in the 
red channel in the interstitial tissue and basal membrane. B) Western blot analysis of 
mature mouse sperm extract.  SDS extract of cauda-epididymal sperm from a fertile adult 
mouse was separated in a 10% PAGE and transferred to a PVDF membrane.  The 
membrane was subsequently probed for Tssk6 with the same antibody mentioned above. 
Chemiluminescent development revels a band close to 32kDa for Tssk6 (WT).  Sperm 
obtained from Tssk6 null mouse was used as a negative control (KO).  The membrane 
was re-probed with anti-Tubulin antibody as a loading control. 
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 Figure 2.2:  Tssk6 solubility 
Tssk6 is not soluble in Triton-X100.  A) Sperm cells or mixed male germ cells 
(MGCs) from minced mice testis were extracted in buffer containing 1% Triton-X100 
and protease inhibitors.  The extracts were separated by centrifugation at 104 G and the 
supernatants isolated from the non-soluble pellets.  The samples were then solubilized in 
Laemmli buffer and separated by SDS-PAGE.  The resulting gel was analyzed by 
western blot with anti-Tssk6 antibody.  The results show Tssk6 presence in the pellet (P) 
but not the supernatant (S) of sperm.  In MGCs there is a small percentage of Tssk6 that 
is soluble.  B) The doublet observed in Tssk6 is due to differential phosphorylation states 
but changes in phosphorylation do not influence Tssk6 solubility.  The sperm samples 
were obtained as before and three different treatments were performed.  No treatment 
control (NT) was done as in A). In the second group alkaline phosphatase (Phos) was 
used to treat the extracts for 30 minutes prior to centrifugation.  In the third group (ATP), 
the extracts were incubated with excess ATP prior to centrifugation.  The extracts were 
centrifuged and analyzed as in A).  C) Tssk6 insolubility is not due to disulfide bonds.  
Sperm extracts like above were made with the addition or not of 100mM DTT to reduce 
disulfide bonds.  The samples were then treated as above.  No observable difference was 
detected. 
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 Figure 2.3:  Tssk6 insolubility in Triton-X100 is not due to interactions with actin 
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A) Sperm capacitation causes changes in sperm proteins that include changes in 
phosphorylation and localization.  Sperm were incubated in Whitten’s media without 
(NC) or with (Cap) albumin and bicarbonate at 37˚C for 90 minutes.  A third group of 
cells was incubated for 60 minutes in Cap media and an additional 30 minutes with the 
addition of Ca2+ ionophore to induce the acrosome reaction (AR).  These experiments 
were performed in the presence or absence of the actin polymerization inhibitor 
latrunculin A.  The samples were ulteriorly analyzed by western blot with antibodies 
against Tssk6 and phospho-tyrosine (4G10) as a control for capacitation. No changes 
were observed in the abundance proportion of the Tssk6 doublet.  B) Immunofluorescent 
localization was performed in cells fixed and permeabilized on glass slides using anti-
Tssk6 antibody.  The secondary detection was made with fluorescent secondary 
antibodies.  A DIC overlay is presented for reference. Tssk6 can be observed in the post-
acrosomal compartment and perforatorium.  On the right, capacitated sperm cells fixed 
and permeabilized were stained with fluorescent phalloidin to detect polymerized actin.  
A DIC overlay is also presented for reference.  Polymerized actin in the head of 
capacitated sperm localizes to the same compartments where Tssk6 is present.  C) Sperm 
cells were extracted as before and treated with the f-actin depolymerizing enzyme 
Gelsolin.  The extracts were separates between soluble and pellet fractions and analyzed 
by western blot with antibodies against Tssk6 and Actin as a control for Gelsolin activity.  
The results indicate that Tssk6 insolubility is not due to a direct interaction with 
filamentous actin. 
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Primer Sequence Use 
MRS1  CCATGTCGGGCGACAAACTC 
MRA1  AGGCGCAATGCTTCTCTCTC 
mTssk6 cloning 
MRS4  TGAGGGCAGCTACTCCAAG 
MRA4  ACCATGACGTAGAGCACAAC 
mTssk6 nested 
JSS26  TCCCCCGGGGatgtcgggcgacaaactcctgagcg mTssk6 + SmaI for pGex-KG2 
JSA36  CCGGAATTCCGGtcattctgcgcaggcgcaatgcttctc mTssk6 + EcoRI for pGEX-KG2 
JSS27  CGCGGATCCatgtcgggcgacaaactcctgagcg mTssk6 + BamHI for pCS2+MT 
JSA37  CCATCGATGGttctgcgcaggcgcaatgcttctc mTssk6 + ClaI for pCS2+MT 
JMS3 ATAGGTGAGGGCAGCgagTCCAAGGTGAAAGTG 
JMA3 CACTTTCACCTTGGActcGCTGCCCTCACCTAT 
mTssk6 Y23E 
JMS4 ATAGGTGAGGGCgaCgagTCCAAGGTGAAAGTG 
JMA4 CACTTTCACCTTGGActcGtcGCCCTCACCTAT 
mTssk6 Y23E+S22D 
JMS10 ATAGGTGAGGGCAGCttcTCCAAGGTGAAAGTG 
JMA10 CACTTTCACCTTGGAgaaGCTGCCCTCACCTAT 
mTssk6 Y23F 
JMS11 ATAGGTGAGGGCgcCttcTCCAAGGTGAAAGTG 
JMA11 CACTTTCACCTTGGAaacGgcGCCCTCACCTAT 
mTssk6 Y23F+S22A 
JMS7 AAGCTGTACATCGTGgcgGAGGCAGCAGCCACC 
JMA7 GGTGGCTGCTGCCTCcgcCACGATGTACAGCTT 
mTssk6 M90A 
JMS8 AAGCTGTACATCGTGgggGAGGCAGCAGCCACC 
JMA8 GGTGGCTGCTGCCTCcccCACGATGTACAGCTT 
mTssk6 M90G 
JMS1 CCAGACCTGAGCACCgaCTACTGCGGCTCGGCC 
JMA1 GGCCGAGCCGCAGTAGtcGGTGCTCAGGTCTGG 
mTssk6 T170D 
JMS2 CCAGACCTGAGCACCgCCTACTGCGGCTCGGCC 
JMA2 GGCCGAGCCGCAGTAGGcGGTGCTCAGGTCTGG 
mTssk6 T170A 
JMS12 CTACCCAGACCTGAGCgCCgCCTACTGCGGCTCG 
JMA12 CGAGCCGCAGTAGGcGGcGCTCAGGTCTGGGTAG 
mTssk6 T169A+T170A 
JMS13 ggctacccagacctgAGCgCCgCCTtCtgcggctcggccgcg 
JMA13 cgcggccgagccgcaGaAGGcGGcGCTcaggtctgggtagcc 
mTssk6 T169A+T170A+Y171F 
JMS14 ggctacccagacctggcCgCCgCCTtCtgcggctcggccgcg 
JMA14 cgcggccgagccgcaGaAGGcGGcGgccaggtctgggtagcc 
mTssk6 
S168A+T169A+T170A+Y171F 
JMS19 gggacggtggccatcAtGgtggtggaccgc 
JMA19 gcggtccaccacCaTgatggccaccgtccc 
mTssk6 K41M 
JMT1 GCTACCCAGACCTGAGCACCg mTssk6 T170D Screen 1&2 
JMT3 GCACGATAGGTGAGGGCAGCg mTssk6 Y23E Screen 3&5 
JMT4 GGCCGCACGATAGGTGAGGGCg mTssk6 Screen 4&6&11 
JMT7 ATGGGAAGCTGTACATCGTGg mTssk6 M90A Screen 7&8 
JMT10 CACGATAGGTGAGGGCAGCTt mTssk6 Y23F Screen 10 
JMT12 CGGCTACCCAGACCTGAGCg mTssk6 T170A+T169A Screen 12 
JMT13 ggctacccagacctgAGCgCCgCCTt mTssk6 Screen 13 
JMT14 ggcgcacggctacccagacctggc mTssk6 Screen 14 
JMT19 gtataaagggacggtggccatcAt mTssk6 K41M Screen 19 
 
Table 2.1:  Primers used for cloning and mutagenesis of Tssk6 
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 Figure 2.4: Expression and activity of recombinant Tssk6 in bacteria 
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A) BL21(DE3) E. coli transformed with Tssk6 in the pGEX-KG2 vector were 
grown overnight shaking at 250 RPM at 37˚C in LB media containing 2% glucose.  The 
cells were diluted the next morning to an OD600 between 0.5 and 0.6 in LB media and 
shacked at 20˚C for two hours prior to induction for 5 hours at 20˚C with 100µM IPTG.  
The cells were recovered by centrifugation and after mild lysis the Tssk6-GST fusion 
protein was purified in a Glutathione-Agarose column and eluted with L-Glutathione.  
The column flow-trough as well as the first two elutions were tested by SDS-PAGE after 
solubilization in Laemmli buffer.  The gel was silver stained to assess for purity and 
abundance of protein.  Bacteria transformed with the empty vector were also used as 
controls (Ø-GST).  B) Western blot analysis of the purified Tssk6-GST with anti-GST 
monoclonal antibody (Zymed).  C) Western blot analysis of the Tssk6-GST purification 
probed with anti-Tssk6 antibody.  D) Autoradiography of Tssk6-GST kinase assay.  10µg 
of purified Tssk6 were incubated in the presence of 32P-γATP and MBP as a substrate in 
the presence of a variety of salt combinations at 30˚C for 30 minutes.  The reactions were 
stopped by addition of Laemmli buffer and boiled for 10 minutes.  The samples were then 
separated by SDS-PAGE and transferred to PVDF membranes.  The membranes were 
exposed to radiographic film for autoradiography.  Empty vector (Ø-GST) and 
commercially available TSSK2 were used as negative and positive controls respectively.  
The membrane shows no activity for Tssk6-GST above background levels. 
 
 
 45 
 Figure 2.5:  Solubility of recombinant Tssk6 in cell culture 
A) Cos 7 cells were transiently transfected with a Myc-Tssk6 construct and 
incubated in 5% CO2 for 48 hours.  The cells were then treated or not with 25µM 
latrunculin A for 30 minutes before recovering.  The cells were then lysed in media 
containing 1% Triton-X100 and protease inhibitors.  The extracts were separated between 
soluble supernatant (S) and pellet (P) by centrifugation at 104 G.  The isolated fractions 
were solubilized in Laemmli buffer and separated by SDS-PAGE and analyzed by 
western blot with antibody against Tssk6.  Sperm samples were used as positive controls.  
The results show that Myc-Tssk6 is not soluble in Cos 7 cells and this insolubility is not 
due to a direct interaction with filamentous actin.  B) Cos 7 cells we transiently co-
transfected with Myc-Tssk6 and eGFP-Actin constructs and incubated for 48 hours.  The 
cells were then observed under fluorescent microscopy.  Tssk6 does not alter the 
distribution of eGFP-Actin.  C) NIH-3T3 cells were transfected with Myc-Tssk6 
construct and incubated for 48 hours. Treatments and extractions were performed as in 
A). Western blot analysis with anti-Myc (9E10) antibody indicates that Myc-Tssk6 is not 
soluble in NIH-3T3 cells and that this insolubility is not related with a direct interaction 
with filamentous actin.  D) NIH-3T3 cells were transfected with myc-Tssk6 construct and 
after 48 hours fixed and stained with anti-Myc (9E10) antibody.  Fluorescent secondary 
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antibody was used for detection in conjunction with fluorescent phalloidin to observe the 
filamentous actin.  Fluorescent microscopy indicates that Myc-Tssk6 localizes to the cell 
whole cytoplasm including regions that lack filamentous actin.  E) 293T cells were 
transfected, incubated and extracted as above in A).  Western blot analysis with anti-
Tssk6 antibody (3H3) shows that Myc-Tssk6 is soluble in 293T cells. 
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 Figure 2.6:  Preliminary kinase activity assays with Tssk6 recombinant protein 
from 293T cells 
A) Kinase activity assays were performed with recombinant Myc-Tssk6 from 
293T cells as indicated in the material and methods.  Briefly, 293T cells were transiently 
transfected with plasmid DNA containing a construct for myc-Tssk6. The cells were 
lysed 48 hours after transfection in buffer containing 1% Triton-X100 and protease 
inhibitors and immunoprecipitated with anti-Myc (9E10) antibody and protein G 
sepharose beads. The beads were resuspended in kinase reaction buffer with varied 
combinations of divalent cations as indicated in the figure and MBP as a substrate or the 
kinase activity.  The reaction was initiated by addition of 32P-γATP and incubated for 30 
minutes at 30˚C.  The reaction was terminated by addition of Laemmli buffer and boiling 
for 10 minutes.  The samples were separated by SDS-PAGE and transferred to a PVDF 
membrane that was exposed to radiographic film for autoradiography.  Empty vector 
controls (pCS2+MT) were used as negative controls and commercially available TSSK2 
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as positive control.  The autoradiograph shows auto-phosphorylation of Tssk2 but not of 
Tssk6.  A band close to 90 kDa appears to be phosphorylated in the reactions were Tssk6 
is present. B) Western blot of the membrane from A) with anti-Myc (9E10) antibody and 
anti-mouse Ig Light chain antibody conjugated to HRP indicates that the fusion protein 
was expressed and purified. C) The autoradiography from A) indicates a positive reaction 
with a band around 90 kDa.  Western blot analysis with anti-HSP90 identifies a band 
(arrow) in IP assays similar to those in A).  D) Kinase assays were performed as in A) 
with samples that were pre-cleared with protein G-sepharose beads alone before the IP 
reaction.  These assays eliminate the 90 kDa reactive band indicating that the presence is 
due to a non-specific binding to protein G-sepharose.  The elimination of non-specific 
proteins from the reaction unmasks a kinase activity against Tssk6 and MBP (20 kDa) 
that is absent in the empty vector reactions (pCS2) and in non-transfected cells (-).  E) 
Western blot control of the autoradiography membrane with anti-Myc antibody indicated 
the presence of the recombinant Myc-Tssk6 protein in the assay. 
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 Figure 2.7:  Mutagenesis of Tssk6 
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Sequence analysis of Tssk6 reveals four potential areas for mutagenic analysis of 
kinase activation/deactivation domains.  A putative T-loop activation domain present in 
AGC family kinases is present in Tssk6 (Cyan). Either T169 or T170 can be the 
activating threonine but the presence of other phosphorylation accepting residues (S168 
and Y171) makes all these four residues candidates for mutagenesis.  K41 (Magenta) is a 
residue known in other kinases to bind Mg2+ bound ATP is a candidate for kinase 
inactivation mutagenesis by switching the aa for methionine.  S22 and Y23 (Yellow) 
resemble the conserved CDC2 activation domain making these two residues also 
interesting targets for mutagenesis.  Finally, M90 (Orange) is a candidate for the use of 
the synthetic inhibitor NM-PP1 that should not inhibit the WT kinase but might inhibit 
the M90A or M90G mutants. A) Linear sequence analysis showing the DNA sequence 
for Tssk6 on top and the translated amino acid sequence on the bottom.  B) Theoretical 
three-dimensional model of Tssk6 modeled after the Aurora A crystal structure 1MQ4. 
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Mutation  
mTssk6 K41M                    1  
  
mTssk6 Y23E                    1  
mTssk6 Y23E+S22D               1  
mTssk6 Y23F                    1  
mTssk6 Y23F+S22A               1  
  
mTssk6 M90A                    1  
mTssk6 M90G                    1  
  
mTssk6 T170D                   1  
mTssk6 T170A                   1  
mTssk6 T169A+T170A             1  
mTssk6 T169A+T170A+Y171F       1  
mTssk6 S168A+T169A+T170A+Y171F 1  
 
Table 2.2: Mutants of Tssk6 
Color codes correspond to the amino acids highlighted in Fig. 2.7 
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 Figure 2.8: Kinase activity assays with Tssk6 mutants 
Kinase activity assays were performed as described in the materials and methods 
section with WT or mutant versions of Myc-Tssk6 obtained from 293T transfected cells.  
Briefly, 293T cells were transfected with plasmid DNA containing constructs for either 
WT or mutant Myc-Tssk6 as indicated in the figure (TA+TA corresponds to the 
T169A+T170A double mutation; TA+TA+YF corresponds to the T169+T170A+Y171F 
triple mutant and pCS2 corresponds to pCS2+MT empty vector control).  Kinases were 
purified by immunoprecipitation after pre-clearing with protein G-sepharose beads.  The 
kinases’ activities were assayed as before using either Mg2+ (A and B) or Mn2+ (C and D) 
as the divalent cation and incubating the reaction at 30˚C for 90 minutes.  Reactions were 
terminated by addition of Laemmli buffer and boiling for 10 minutes.  The samples were 
separated by SDS-PAGE and transferred to PVDF membranes that were exposed to 
radiographic film for autoradiography A and C).  The membranes were then analyzed by 
western blot with anti-Myc (9E10) antibody to control for the expression level of the 
different constructs (B and D). The assays indicate that Tssk6 presents no specific 
activity above background under any of the conditions analyzed. 
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 Figure 2.9:  Kinase activity assays with Tssk6 mutants 
Kinase activity assays were performed as described in the materials and methods 
section with WT or mutant versions of Myc-Tssk6 obtained from 293T transfected cells.  
Briefly, 293T cells were transfected with plasmid DNA containing constructs for either 
WT or mutant Myc-Tssk6 as indicated in the figure (KM corresponds to the K41M 
mutation; MA corresponds to the M90A mutant and MG corresponds to the M90G 
mutant).  Kinases were purified by immunoprecipitation after pre-clearing with protein 
G-sepharose beads.  The kinases’ activities were assayed as before using either Mg2+ (A 
and B) or Mn2+ (C and D) as the divalent cation in the presence or absence of the NM-
PP1 inhibitor and incubating the reaction at 30˚C for 90 minutes.  Reactions were 
terminated by addition of Laemmli buffer and boiling for 10 minutes.  The samples were 
separated by SDS-PAGE and transferred to PVDF membranes that were exposed to 
radiographic film for autoradiography A and C).  The membranes were then analyzed by 
western blot with anti-Myc (9E10) antibody to control for the expression level of the 
different constructs (B and D). An empty vector was used as negative control (Ø) and 
TSSK2 as a positive control for the reactions (T2). The assays indicate that Tssk6 
presents no specific activity above background under any of the conditions analyzed thus 
the inhibition capability of NM-PP1 on the Ma and MG mutants cannot be determined at 
this time. 
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 Figure 2.10:  Quantitative kinase assays 
Quantitative kinase assays were performed as described in materials and methods 
with Myc-Tssk6 wildtype and mutants as indicated in the figure. The mutants are as 
follows: KM indicated K41M; TD indicates T170D; TA indicates T170A; TA+TA 
indicates the T169A+T170A double mutant; TA+TA+YF indicates 
TA169A+T170A+Y171F triple mutant; MA indicated M90A and MG indicates M90G. 
The subscript inh in C) and D) indicate the presence of the synthetic inhibitor NM-PP1.  
The values are expressed in arbitrary units and are only standardized for each individual 
transfection and should not be compared between constructs.  Results indicate different 
kinetics in the presence of different divalent cations.  The behavior of the different 
mutants with different cations and in response to the synthetic inhibitor NM-PP1 seems 
to indicate a trend that could be interpreted as Tssk possessing dual specificity with 
distinct ATP binding sites for Mg-ATP and Mn-ATP. 
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CHAPTER 3 
ANALYSIS OF THE MALE INFERTILITY PHENOTYPE OF Tssk6 NULL 
MICE 
3.1.  Introduction 
The importance of Tssk6 has been recently demonstrated by phenotypic analysis 
of Tssk6 (a.k.a. Sstk) knock out (KO) mice (Mus musculus) (Spiridonov et al., 2005). 
Male, but not female, Tssk6 null mice are infertile without exhibiting somatic 
abnormalities. In addition, recently, two groups reported the phenotype of the Tssk1 and 
2 double KO. While one group reported lack of founders due to haploinsufficiency (Xu et 
al., 2008), the second group was able to obtain Tssk1 and 2 null mice and showed that 
these mice were sterile and no other defects were observed (Shang, 2007). Taken 
together, these reports suggest that similar to Tssk6, Tssk1 and/or Tssk2 are essential for 
spermiogenesis and/or sperm function.  
Tssk6 null mice have a percentage of sperm that are morphologically normal and 
are able to move progressively..  When in vitro fertilization (IVF) experiments were 
conducted, none of the eggs were fertilized yet Intra cytoplasmic sperm injection (ICSI) 
bypassed this defect. When in vitro fertilization experiments were conducted using eggs 
in which the zonæ pellucidæ (ZP) were removed, they were incapable of fertilization due 
to lack of sperm-egg fusion. At present, Izumo is the only sperm protein that has been 
conclusively demonstrated, using genetic approaches, to be necessary for sperm-egg 
fusion. Antibodies directed against Izumo were used to further explore the Tssk6 null 
sperm phenotype.. In WT sperm, after the acrosome reaction takes place, Izumo changes 
the immunofluorescence pattern and distributes to the postacrosomal region; this change 
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was not observed in Tssk6 null sperm. Additionally, Tssk6 null mice present defects in 
actin polymerization as observed using fluorescent phalloidin staining. Altogether, these 
data indicate that Tssk6 plays a role in the changes of Izumo localization and that these 
changes are essential for gamete fusion. 
 Results from this chapter have been partially published in the journals 
Biology of Reproduction (Miranda and others 2009) and Journal of Cell Science (Sosnik 
and others 2009). 
 
3.2.  Results 
3.2.1.  Morphological defects of Tssk-/- sperm 
We have recently shown that human and mouse Tssk6 exhibit a very restricted 
testicular mRNA expression pattern (Hao and others 2004; Spiridonov and others 2005).  
The infertile phenotype of Tssk6 null mice raised the question of whether sperm lacking 
Tssk6 would present morphological defects. To analyze this possibility, cauda 
epididymal sperm from wild type (WT) and Tssk6 null mice were compared using 
Differential Interference Contrast (DIC) microscopy. The overall head morphology of 
Tssk6 null sperm did not differ from WT sperm. However, four other major 
morphological defects were found (Fig. 3.1).  The first characteristic defect was a large 
number (37.5% ±4.8) of detached heads (Fig. 3.1, Heads).  Because a comparable 
number of detached tails could be found and many of these were still motile in fresh 
preparations, this defect appeared to be due to breakage of the connection between heads 
and tails.  A second defect, an improper orientation of heads facing backwards that was 
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observed in 30.8% ±3.0 of the sperm (Fig. 3.1, Neck), also indicated a defect in the 
connection between heads and tails.  Thirdly, 11.3% ±2.5 of the spermatozoa present a 
hairpin at the level of the annulus (Fig.  3.1, Hairpin) and 6.8% ±1.0 present a combined 
annular hairpin and the heads facing backwards morphology (Fig.  3.1, Hairpin + Neck).  
The remainder 12.5% ±2.4 of the sperm presented normal morphology.  
 
3.2.2.  Capacitation related changes in motility and tyrosine phosphorylation of 
Tssk6-/- sperm 
Sperm capacitation is the final maturational process that spermatozoa undergo in 
the female reproductive tract and that render them able to fertilize.  Several changes have 
been identified with capacitation including the acquisition of the ability to undergo ligand 
induced acrosome reaction, hyperactivated motility, increase in tyrosine phosphorylation, 
release of cholesterol from the plasma membrane and hyperpolarization of the plasma 
membrane (Salicioni and others 2007; Visconti and others 2002).  Because of the 
infertility phenotype described for male mice lacking Tssk6 we decided to analyze some 
parameters that change upon sperm capacitation.  We first analyzed samples trough time-
lapse microscopy to establish if Tssk6 null sperm was motile (Movie 2) and found it to be 
so.  We then set to determine if changes in the motility pattern that are normally 
associated with capacitation were observable in Tssk6-/- sperm.  In order to do that sperm 
were obtained from Tssk6-/- mice and littermate controls.  The sperm was then incubated 
in media lacking (Non Cap) or possessing (Cap) albumin and BSA to either prevent or 
promote capacitation respectively.  The sperm was placed on glass slides and observed 
under transmitted light microscopy.  Time-lapse video recordings of the samples were 
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obtained (Movie 3 & Movie 4).   10 randomly selected sperm trajectories were manually 
traced throughout the time-lapse and graphed (Fig. 3.2-A).  The WT littermate control 
shows the typical reduction in forward motility and increase of angular displacement 
normally associated with capacitation also known as hyperactivated motility.  In contrast 
Tssk6 null sperm (KO) shown a lesser change upon capacitation.  However, it is 
noteworthy that the KO sperm present a basal movement that is already less forwardly 
motile and present an increase in the lateral displacement.   
One of the most characterized changes upon capacitation is the increase of 
tyrosine phosphorylation in a large subset or sperm proteins (Visconti and others 1995a; 
Visconti and others 1998).  Western blot analysis with anti-phospho-tyrosine antibody 
(4G10) was used in order to assess these changes.  Sperm from WT and KO mice were 
obtained as before and incubated in either non-capacitating or capacitating media as 
above.  The samples were then extracted in Laemmli buffer and separated through SDS-
PAGE.  The results indicate that although the basal levels of Tssk6-/- sperm tyrosine 
phosphorylation are higher than those from WT sperm, an increase upon capacitation is 
observed (Fig. 3.2-B). Noteworthy are the two bands of lower molecular weight present 
in the Tssk6 null samples and absent in the WT sperm samples. 
Work from several groups has established a relationship between tyrosine 
phosphorylation and hyperactivated motility (Bajpai and others 2003; Bajpai and Doncel 
2003; Baker and others 2006; Luconi and others 2005; Mariappa and others 2006).  
Following this idea, the changes in the basal level of motility observed in sperm from 
Tssk6 null animals can be associated with the basal increase in tyrosine phosphorylation.  
Although the presented evidence is not enough for a complete explanation of these 
 59 
findings, the above mentioned works provide a theoretical framework for a possible 
explanation that will need to be further analyzed. 
 
3.2.3.  Tssk6 null mice present fertilization defects 
3.2.3.1.  Tssk6 null sperm can not fertilize eggs in vitro yet are capable of egg 
activation 
Although only about a tenth of the Tssk6 null sperm population presented normal 
morphology, such number of normal sperm should be sufficient under optimal conditions 
to fertilize eggs in vitro. To test this possibility, in vitro fertilization (IVF) experiments 
were conducted. Wild type or Tssk6 null sperm were incubated with wild type eggs and 
the efficiency of fertilization was analyzed by counting the percentage of eggs depicting 
pronuclear formation. In the case of WT sperm, the in vitro fertilization assay was 
conducted using 2*105 sperm per fertilization drop. Under these conditions 88% of the 
eggs were fertilized. When Tssk6 null sperm were analyzed, no fertilization was observed 
even when 2*106 sperm per drop were used to allow over 2*105 morphologically normal 
sperm to be present in the fertilization assay (Fig. 3.3, IVF). In contrast, when egg 
activation was assessed after Intra Cytoplasmic Sperm Injection (ICSI), in which one 
spermatozoon is physically injected into the eggs cytoplasm, there was no detectable 
difference between the sperm coming from the mutant mice in comparison with the WT 
controls. Egg activation was confirmed by measuring the fertilization-induced calcium 
oscillations (Fig. 3.3, ICSI).  These experiments indicate that despite the presence of 
sufficient numbers morphologically normal sperm, Tssk6 null sperm are not capable to 
fertilize.  
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3.2.3.2.  Tssk6 null sperm fails to fuse to eggs 
After penetration of zona pellucida (ZP), the sperm adheres to the eggs plasma 
membrane and fuses with it (Wortzman and others 2006).  When IVF experiments in 
which the ZP of the eggs was removed it was noticed that Tssk6 null sperm were still 
unable to fertilize the egg (Fig. 3.3, IVF-zona free). To test whether this failure was due 
to an inability to fuse, ZP-free eggs were loaded with Hoechst 33342 prior to the co-
incubation with sperm, as described in Methods.  In this assay, sperm DNA would be 
labeled only if the sperm are fused to the egg plasma membrane.  As expected, WT sperm 
fused to the eggs in less than 20 minutes (Fig. 3.4, WT).  On the other hand, Tssk6 null 
sperm failed to fuse even after two hours of incubation under identical conditions and 
with similar number of sperm attached to the membrane, as judged by DIC imaging (Fig. 
3.4, KO).  Sperm from the Tssk6 null mice are capable to undergo spontaneous acrosome 
reaction similar to wild type sperm (27±2% and 26±3% respectively) (Table 3.1); 
therefore, the lack of fusion cannot be explained by the absence of acrosome reacted 
sperm in the fertilization drop. 
 
3.2.4.  Izumo in mouse sperm 
The molecular basis of sperm-egg interaction is not well understood (Primakoff 
and Myles 2007). So far, only two molecules have been shown conclusively, using 
genetic approaches, to be necessary for sperm-egg fusion: the tetraspanin CD9 in the egg 
(Le Naour and others 2000) and the immunoglobulin loop containing transmembrane 
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protein Izumo in the sperm (Inoue and others 2005).   In order to analyze the observed 
lack of fusion phenotype of the Tssk6 null mice we first established some baseline 
observations about Izumo. 
3.2.4.1.  Izumo is present in Tssk6 null mice sperm 
Taking into consideration that Izumo is the only characterized sperm protein 
necessary for gamete fusion, its presence in the fusion deficient Tssk6 null sperm was 
investigated.  Western blot analysis of cauda epididymal sperm from Tssk6 null mice 
showed no difference in Izumo protein levels when compared to WT mice (Fig. 3.6-A). 
This experiment indicated that Tssk6 null sperm inability to fuse is not due to defects in 
Izumo protein expression level 
 
3.2.4.2.  Izumo is expressed throughput spermatogenesis 
We tested when during spermatogenesis Izumo is expressed.  Fixed testis from 
wildtype mice were embedded in paraffin and sectioned as indicated in materials and 
methods.  The sections were mounted on glass slides and after rehydration stained for 
Izumo with anti-Izumo OBF13 antibody.  Fluorescent secondary antibody was used for 
detection in conjunction with fluorescent PNA and DAPI as counterstains.  The slides 
were then analyzed under fluorescent microscopy indicating that Izumo is present 
throughout spermatogenesis.  Testis from Tssk6 null mice were also analyzed and 
presented no differences from those of WT mice (not shown). 
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3.2.4.3.  Izumo Phosphorylation 
Because of the possible relationship between Izumo and Tssk6 we decided to 
analyze if Izumo undergoes phosphorylation.  Sperm from the cauda of the epididymis of 
mature mice were extracted as before and separated in three groups.  The sperm from the 
first group were incubated in media containing Triton-X100 as a non-denaturing 
detergent and protease inhibitors (N/T).  The second group was treated as before with the 
addition of alkaline phosphatase (Phos).  The third group was incubated in the presence 
of excess ATP (ATP).  The samples were then separated between supernatant and pellet 
by centrifugation at 104 G and solubilized in Laemmli buffer.  The extracts were 
separated by SDS-PAGE and analyzed by western blot with anti-Izumo OBF13 antibody.  
The results show a doublet in the non-treated sample that is indicative of phosphorylation 
according to the other two treatments (Fig. 3.5-B).  Samples from Tssk6 null mice show 
no difference indicating that the phosphorylation doublet might be due to another kinase 
and not Tssk6 (Fig. 3.6-A & Fig. 3.5-C). 
 
3.2.4.4.  Izumo distribution in lipid Rafts 
Previous work has identified Izumo as a component of sperm lipid rafts (Sleight 
and others 2005).  A possible explanation for the fusion deficiency observed in Tssk6-/- 
mice sperm could be due to deficient targeting of Izumo to lipid rafts or inadequate 
formation of the rafts altogether.  In order to study these possibilities sperm from Tssk6 
null mice and littermate wildtype control animals was obtained as in materials in 
methods.  The cells were then extracted for lipid rafts as previously established (Miranda 
and others 2009; Sleight and others 2005) and explained in materials and methods.  
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Briefly, proteins were extracted in Tris-EDTA-NaCl (TEN) buffer containing proteases 
inhibitors and Triton-X100 at 4˚C.  The samples were then separated in a discontinuous 
sucrose gradient at 2*105 G at 4˚C for 18 hours.  The samples were then recovered as 9 
successive supernatant fractions of decreasing buoyancy and a pellet fraction.  The 
supernatant fractions were then solubilized in Laemmli buffer and separated through 
SDS-PAGE and assayed by western blot.  The assay with anti-Izumo antibody revealed 
no significant difference between the Tssk6 null and the WT samples (Fig. 3.5-C).  To 
assess the general structure of the rafts, the well-characterized raft-contained protein 
Flotilin 2 was chosen as a marker.  Analysis with anti-Flotilin 2 revealed no major 
disturbances to lipid rafts of Tssk6-/- sperm as compared to those of WT sperm (Fig. 3.5-
C). 
 
3.2.4.5.  Izumo relocalization is impaired in Tssk6 null sperm 
Anti-Izumo antibodies were then used to localize Izumo in the sperm. In intact 
WT sperm Izumo was restricted to the dorsal portion of the anterior head (Fig. 3.6-B 
panels I to III). After induction of the acrosome reaction with Ca2+ ionophore (A23187), 
Izumo distributed to a new region opposite to the anterior acrosome including part of the 
postacrosomal region (Fig. 3.6-B panels IV to VI). In Tssk6 null mice, similarly to WT, 
intact sperm also depicted an anterior acrosomal localization of Izumo (Fig. 3.6-B panels 
VII to IX). However, contrary to wild type sperm, the change in the Izumo staining 
pattern after the acrosome reaction did not occur in Tssk null sperm and Izumo remained 
in the anterior sperm head (Fig. 3.6-B panels X to XII).  This was not due to a failure of 
the acrosome reaction because both WT and KO sperm showed the typical loss of PNA 
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staining (Fig. 3.6-B panels V and XI). Quantification of these results indicate that 
Izumo’s change of localization occurred in almost all (98.8 %  ±1.0) the acrosome 
reacted wild type sperm, but essentially did not occur (2.5% ±1.7) in Tssk6 null acrosome 
reacted sperm (Fig. 3.6-C). Similar values were obtained for spontaneously acrosome 
reacted WT and Tssk6 null sperm (Table 3.1). 
 
3.2.5.  Actin polymerization is impaired in Tssk6 null sperm 
Changes in Immunofluorescent pattern of sperm surface proteins during 
capacitation and acrosome reaction have been described previously (Miranda and others 
2009; Primakoff and Myles 2007; Saxena and others 1986; Selvaraj and others 2007). It 
has been shown that changes in protein localization are at least in part due to actin 
cytoskeleton dynamics (Hernandez-Gonzalez and others 2000; Saxena and others 1986). 
Because of the failure of Izumo to relocate following the acrosome reaction, the defects 
observed in the head-tail connection in Tssk6 null sperm, and the localization of Tssk6 
and Actin to the same cell compartment (Fig. 2.3-C), the distribution of the actin 
cytoskeleton in Tssk6 null sperm was investigated. Noteworthy, when phalloidin was 
used in Tssk6 null sperm, no signal for polymerized actin was observed in the head (Fig. 
3.7-B).  
 
3.2.6.  Izumo relocalization is an actin dependent process 
To investigate whether the failure of Izumo to relocate after the acrosome reaction 
in the Tssk6 null sperm was related with the absence of polymerized actin in the sperm 
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head, inhibitors of actin dynamics were used. Latrunculin A, an inhibitor of actin 
polymerization, caused a significant reduction in the redistribution of Izumo in acrosome 
reacted sperm (Fig. 3.8).  As a complementary assay, the myosin light chain kinase 
inhibitor ML-7 was also used and similar results were observed (Fig. 3.8-B).  The PKA 
inhibitor H89 was used as a negative control; this inhibitor did not affect the acrosome 
reaction-associated changes in Izumo localization (Fig. 3.8-B). 
 
3.3.  Discussion 
The function of the Tssk kinase family remains largely unknown. However, 
because they are expressed postmeiotically during spermiogenesis, it is hypothesized that 
they play a role in germ cell differentiation and/or sperm function.  The focus of this 
chapter was to further analyze the male infertility phenotype of Tssk6 null mice. 
Although a fraction of the Tssk6 null sperm population presents a normal morphology 
and is motile, Tssk6 null male mice are infertile (Spiridonov et al., 2005).  
In the present chapter, we have investigated whether sperm lacking Tssk6 are able 
to fertilize metaphase II arrested eggs in vitro. The central observations of this study are 
that: (1) a significant number of the Tssk6 null sperm present defects in the connection 
between the head and the flagellum; (2) Tssk6 null sperm are incapable to fuse with eggs; 
(3) Izumo, a protein known to be necessary for sperm-egg fusion, does not change its 
localization pattern in Tssk6 null sperm after the acrosome reaction; (4) Tssk6 localized 
to the posterior head, a region in the sperm enriched with polymerized actin; (5) actin 
polymerization is compromised in Tssk6 null sperm; and (6) inhibitors of actin dynamics 
abrogate significantly the acrosome reaction-associated changes in Izumo localization. 
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Taken together, these data indicate that Tssk6 is needed to maintain the sperm structural 
integrity and suggest that this kinase plays a role in the regulation of actin dynamics. In 
addition these data indicate that Tssk6 is involved directly or indirectly in redistribution 
of Izumo after the acrosome reaction and that this re-localization might be required for 
sperm-egg fusion.  
The sperm acrosome is a secretory vesicle containing a number of hydrolytic 
enzymes that help the sperm penetrate the egg’s coats. In response to either physiological 
or pharmacological stimuli, the sperm undergo a process known as acrosome reaction. 
The acrosome reaction involves an exocytotic event in which lytic enzymes are released 
from the acrosome upon binding with the egg’s extracellular matrix (De Blas et al., 2005; 
Mayorga et al., 2007). Successful completion of the acrosome reaction is an absolute 
prerequisite for fertilization.  
Despite the importance of sperm-egg fusion, little is known about the molecular 
basis of this event. From the sperm side, the only protein conclusively demonstrated to be 
necessary in sperm-egg fusion is Izumo, a sperm-specific member of the immunoglobulin 
super-family.  Using a knockout approach, Inoue et al. (Inoue et al., 2005) showed that 
females lacking this protein were fertile; in contrast, Izumo-deficient males were sterile. 
Sperm from Izumo null mice did not appear to have motility or morphological defects; 
however, these sperm were not able to fuse with the egg. Immunofluorescence analyses 
revealed that Izumo localization was restricted to the dorsal portion of the sperm 
acrosome in intact sperm. However, the sperm region involved in fusion is not the region 
where Izumo is found before the acrosomal exocytosis. Although the exact sperm 
fusogenic region it is not fully established, immunoelectromicroscopy experiments 
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strongly suggest that sperm fuses to the egg through a region overlapping either the 
equatorial segment or the postacrosomal region depending on the species under study 
(Yanagimachi, 1994).   
After the acrosome reaction, Izumo spreads, entering the post-acrosomal 
compartment, and permeates the borders of different domains, including a section 
opposite to the anterior acrosome previously referred as para-acrosomal (Yanagimachi, 
1994). Different Izumo staining patterns have been previously observed (Okabe et al., 
1987; Inoue et al., 2005) but their connection with antigen relocation due to acrosome 
reaction have not been analyzed in detail. In contrast to Izumo, other proteins reported to 
change the immunofluorescence pattern after the acrosome reaction appeared to re-
localize to the equatorial segment and were not able to pass the post-acrosomal boundary 
(Myles and Primakoff, 1984; Rochwerger and Cuasnicu, 1992). The differential behavior 
of proteins during the acrosome reaction suggests that the acrosome reaction-associated 
changes in protein redistribution might be an actively regulated process independent of 
exocytosis.  
Although the actin cytoskeleton is widely believed to play an important role in 
intracellular protein transport, its role in the sperm physiology is poorly understood. The 
findings presented here indicate that: 1) contrary to WT, Tssk6 null sperm lack phalloidin 
staining in the head; and 2) Izumo in these sperm failed to appear in the postacrosomal 
region. These results argue that actin dynamics might be involved in the regulation of 
Izumo movements during the acrosome reaction. Consistent with this hypothesis is the 
intricate polymerization and depolymerization movements that have been described in the 
head of the sperm during capacitation and acrosome reaction (Brener et al., 2003; 
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Dvorakova et al., 2005). In this respect, experimental evidence from different laboratories 
indicate that actin polymerization occurs during capacitation of boar (Sus scrofa), guinea 
pig (Cavia cobaya) (Castellani-Ceresa et al., 1993; Cabello-Agueros et al., 2003), mouse, 
human, bovine (Bos Taurus) and ram (Ovis aries) sperm  (Brener et al., 2003). These 
findings are in agreement with results presented here in which the use of inhibitors of 
actin dynamics significantly prevented the acrosome reaction-related changes in Izumo 
relocalization. 
Tssk6 null spermatozoa might prove to be a good model to study the molecular 
basis of acrosome reaction.  In addition to exocytosis, it is well established that many 
proteins change their immunofluorescence pattern during the acrosome reaction (Saxena 
et al., 1986; Kawai et al., 1989). Results in the present work indicate that Tssk6 null 
sperm are capable to undergo the acrosome reaction spontaneously or after treatment with 
Ca2+ ionophore; however, antigen relocation (e.g. Izumo) did not occur. The role of 
Tssk6 in these events could be due to its activity throughout spermiogenesis and 
acrosomal biogenesis or might be related to phosphorylation events occurring during 
capacitation and/or the acrosome reaction. As a working hypothesis, it can be speculated 
that the Tssk6 null phenotype underscores a role of Tssk6 in the regulation of the actin 
cytoskeleton. First, most sperm from Tssk6 null mice present structural defects in regions 
known to be rich in polymerized actin such as the connective piece and the annulus. 
Second, in mature sperm, Tssk6 localize to regions in the head that also stain for 
polymerized actin; noteworthy, a fraction of Izumo also localize to this region after the 
acrosome reaction. Third, incubation of WT sperm with latrunculin A, an inhibitor of 
actin polymerization, blebbistatin, a myosin II inhibitor, or ML-7, an inhibitor of myosin 
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light chain kinase, significantly reduced the changes in Izumo immunolocalization 
pattern in acrosome reacted sperm. As part of this working model, we hypothesize that 
Tssk6 dependent changes in Izumo localization are essential for its ability to regulate 
sperm-egg fusion (Fig. 3.9).  
It is important to stress that protein kinases have become major targets for the 
development of novel drugs. The observation that Tssk6 null mice are sterile and that 
Tssk6 is essential for fertilization and gamete fusion highlight the potential use of this 
kinase as a target for male contraception. Identification of Tssk6 specific inhibitors will 
be essential to further understanding of the role of this kinase in reproduction. 
Finally, the observations generated by this study demonstrate that although the 
acrosome reaction-associated exocytotic event was unaffected in Tssk6 null sperm, the 
relocalization of Izumo that normally occurs at this time failed to take place. This finding 
indicates that although the initial signaling for both processes involved similar 
transduction molecules (e.g. Ca2+), the exocytosis process linked with the acrosome 
reaction can be dissociated from relocalization of Izumo.  This work then begins to shed 
light in the complexity of the acrosome reaction separating different elements that 
because of their simultaneous nature have been in the past studied as a single process 
(Fig. 3.9). 
 
3.4.  Materials and Methods 
Reagents and media were obtained from Sigma-Aldrich (St. Louis, MO) unless 
otherwise specified.  Antibodies against Izumo were donated by Dr. Masaru Okabe 
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(Inoue and others 2005). The myosin light chain kinase inhibitor ML-7 and the PKA 
inhibitor H89 were obtained from Calbiochem (San Diego, CA). 
Animal care and use was performed as previously indicated in section 2.4.1. 
Sperm samples were obtained as indicated in section 2.4.2. 
Western blots were performed as indicated in section 2.4.3. 
Immunocytochemistry was performed as previously indicated in 2.4.4. 
Immunohistochemistry was performed as indicated in section 2.4.5. 
 
3.4.1.  Measurement of sperm number 
Sperm was obtained as explained above.  A small fraction of the sperm 
suspension was diluted 1:100 in fixing solution containing PBS and 3.7% formaldehyde.  
10µl were loaded to each side of an improved Neubauer hemocytometer and counted the 
number of sperm heads in an area of 1 mm2.  The values from both sides were averaged 
and the resulting number constitutes the number of sperm *10-6 per ml of original 
suspension.   
 
3.4.2.  Sperm viability assay 
Viability was analyzed with the Live/Dead® sperm viability kit from Molecular 
Probes (Eugene, OR) as specified by the manufacturer.  Briefly, sperm was obtained as 
above and incubated live at 37˚C in Whitten’s medium for 10 minutes with 100 nM of 
SYBR 14 dye (Molecular Probes, Eugene Oregon).  The samples were subsequently 
stained with 12µM propidium iodide for an additional 10 minutes.  The samples were 
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then live-mounted on glass slides and observed under fluorescent microscopy.  While 
SYBR 14 is a cell permeable dye that fluoresce green when bound to DNA, propidium 
iodide stains in fluorescent red only the nuclei of cells that present compromised 
membranes.   
 
3.4.3.  Assessment of acrosome reaction 
Sperm obtained as before indicated were fixed and permeabilized as for 
immunocytochemistry as indicated above in section 2.4.4.   After permeabilization the 
cells were stained with fluorescent PNA and DAPI as a counterstain.  The cells were 
observed under fluorescent microscopy and the number of cells presenting PNA staining 
was compared to the total number of cells (as judged from either DAPI fluorescence or 
transmitted light images). 
 
3.4.4.  Time-lapse microscopy 
Time-lapse microscopy was performed by repeated image acquisition of digital 
images with a fixed exposure time of 2 ms and no interval between exposures.  This 
combination resulted in a maximum acquisition of 8 frames per second.  Individual 
images were then “temporally stacked” as individual frames.  The subsequent sequential 
reproduction of the “temporal stack” can be utilized as either individual time still images 
or as a continuous video. 
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3.4.5.  Mouse Egg Preparation 
Metaphase II (MII) eggs were obtained from B6D2F1 (C57BL/6J x DBA/2J) 
female mice (6-10 weeks old) superovulated by injection of 5 IU of pregnant mare’s 
serum gonadotropin (PMSG; Sigma, St. Louis, MO) followed 48h later by 5 IU of human 
chorionic gonadotropin (hCG; Sigma). Eggs were collected from the oviduct 14 h post-
hCG, and were washed with HEPES-buffered Tyrode-lactate solution (Parrish and others 
1988) with 5% heat –inactivated fetal calf serum (FCS; Gibco, BRL, Grand Island, NY). 
Cumulus cells were removed with 0.1% bovine testes hyaluronidase (Sigma, St. Louis, 
MO).  In experiments requiring eggs without Zona Pellucida, the eggs were treated with 
Tyrode’s Acidic Solution and zona free eggs were then washed in Tyrode-lactate solution 
and left to recover in fertilization medium (see bellow HTF medium) for at least 30 
minutes at 37˚C in a 5% CO2 incubator. 
 
3.4.6.  In Vitro Fertilization (IVF) 
In vitro fertilization assays were performed following published protocols (Hogan 
and others 1986) with slight modifications.  Briefly, sperm were obtained as described 
above and left to capacitate in CO2 equilibrated M2 media (M7167, Sigma, St. Louis, 
MO) overlaid with light mineral oil in a 37˚C incubator with 5% CO2 for 90 minutes.  
Eggs were obtained as described above and separated in CO2 equilibrated M2 media 
drops overlaid with light mineral oil in a 37˚C incubator with 5% CO2.  Sperm were then 
added to the egg drops at final concentrations raging from 105sperm/ml to 
2X106sperm/ml and incubated for 4 hours.  Eggs were then washed off sperm by passing 
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them through consecutive pre-equilibrated M2 media drops and left at 37˚C until scored 
for fertilization. 
 
3.4.7.  Intracytoplasmic Sperm Injection (ICSI) 
The ICSI procedure was carried out as previously described (Yoon and Fissore 
2007) using Narishige manipulators (Medical System Co., USA) mounted on a Nikon 
Diaphot microscope (Nikon Corp., Tokyo, Japan). All manipulations were carried out in 
a 50 µl drop of HEPES buffered CZB medium (Chatot and others 1990) containing 0.1% 
polyvinyl alcohol (PVA, MW = 30-70 kDa, Sigma) under light mineral oil at room 
temperature. Sperm were diluted 1:1 in medium containing 12% w/v 
polyvinylpyrrolidone (PVP, mw=360kDa, Sigma). A single sperm was aspirated into a 
blunt-ended pipette driven by a PiezoDrill (Burleigh, Rochester, NY), and several Piezo 
pulses were applied to separate the head from the tail. The egg’s zona pellucida and 
plasma membrane were penetrated by applying Piezo pulses. The sperm head was then 
released into egg’s cytoplasm from the pipette. Different intensity pulses were used to 
penetrate the zona pellucida and plasma membrane.  
 
3.4.8.  [Ca2+]i monitoring 
Monitoring of intracellular calcium concentration was performed as described 
before (Yoon and Fissore 2007).  Briefly, eggs were incubated in TL-HEPES 
supplemented with 1 µM Fura 2-acetoxymethyl ester (Fura 2-AM; Molecular Probes, 
Eugene, OR) and 0.02% pluronic acid (Molecular Probes) for 20 min at room 
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temperature, and were then transferred into 300 µl of TL-HEPES on a glass bottom 
culture dish (MatTek Corporation, Ashland, MA) covered with light mineral oil for 
fluorescent imaging.  [Ca2+]i changes were monitored simultaneously using a 20X 
objective lens on a Nikon Diaphot inverted microscope (Nikon Corp.) equipped with a 
temperature-controlled stage (20/20 Technology, Inc, Wilmington, NC) and a xenon 
lamp  (Osram, Germany). The excitation wavelength was alternated between 340 nm and 
380 nm by a computer controlled filter wheel (Ludl Electronic Products, Hawthorne, NY) 
and the emission of light was passed through a 510 nm barrier filter and collected with 
cool SNAP ES digital camera (Roper Scientific, Tucsan, AZ). Captured images were 
taken every 20s and analyzed by SimplePCI software (Compix Imaging Inc., Cranberry, 
PA). [Ca2+]i. Values are reported as the ratio of 340/380 nm fluorescence in the whole 
egg.  
 
3.4.9.  Fusion assays 
Sperm-egg fusion assay was optimized using CD1 mice due to their cost and 
availability.  Previously published protocols with slight modifications were used 
(Conover and Gwatkin 1988; Wortzman and others 2006).  Briefly, sperm were obtained 
as above and let to capacitate as described for the IVF assays.  Eggs were obtained as 
above and after zona removal left in M2 media to equilibrate and recuperate for 30 
minutes after which the eggs were moved to a new drop of M2 media containing 1µg/ml 
of Hoechst 33342 stain and incubated for 30 minutes after which period the eggs were 
washed in three consecutive M2 media drops.  The main modification to the published 
protocols was the addition of a de-stain step of 45 minutes in a fresh pre-equilibrated M2 
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media drop and a new three drop wash of the eggs before transfer to the assay drop.  
Sperm was then added to the assay drop in concentrations ranging from 2X104 sperm/ml 
to 2X105 sperm/ml.  The eggs were then scored for fusion at 20 minutes and 120 minutes 
using an epifluorescent microscope. 
 
3.4.10.  Lipid raft separation 
Lipid raft separation was attained as described before (Miranda and others 2009).  
Briefly, Sperm suspensions from a single mouse were centrifuged at 500 G for 10 
minutes. Pellets were resuspended in ice in 40 µl of TEN buffer containing 25 mM Tris- 
HCl, 150 mM NaCl, 5 mM edetic acid, pH 7.3.  The buffer was supplemented with 0.5% 
Triton X-100 and a protease inhibitors (1 mM PMSF, 1 mM NaF, 2 mM sodium 
orthovanadate, 20 µg/ml of leupeptin, 15 µg/ml of pepstatin, 0.8 mM aprotinin, 10 mM 
benzimidine, 3 µg/ml of TLCK, 1 mM AEBSF, 40 mM bestatin, and 14 mM E-64). This 
suspension was Dounce homogenized and sonicated with five brief bursts of 1 second 
each. Samples were kept on ice for 5 min and then kept for an additional 45 minutes at 
4˚C in an end-over-end tube spinner.  Lysates were adjusted to 40% sucrose with the 
addition of 40 µl of 80% sucrose in TEN buffer and placed in the bottom of a 200µl 
Beckman ultracentrifugation tube. This suspension was gently overlaid with 80µl of 30% 
sucrose in TEN buffer, followed by 40µl of 5% sucrose in TEN buffer. The samples were 
then centrifuged at 2*105 G for 18 hours. After centrifugation, 20-µl fractions were 
carefully collected from the top to the bottom of the gradient 
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3.4.11.  Inhibitor and ionophore treatments 
For the analysis of Izumo localization, sperm were incubated in HEPES buffered 
Whitten medium containing 5 mg/ml of BSA and 10 mM NaHCO3 for 60 minutes at 
37˚C.  The acrosome reaction was then induced with Ca2+ ionophore A23187 for 30 min 
at 37˚C. When inhibitors were used, the appropriate inhibitor was included in the media 
from the beginning of the incubation. Latrunculin A was used in a concentration of 5µM, 
ML-7 at 10µM and H89 also at 10µM (Boyle and others 2001; Matson and others 2006; 
Nolan and others 2004a; Valderrama and others 2001).  
 
3.4.12.  Data expression and statistical analysis 
IVF, ICSI and fusion experiments were pulled and data expressed as a percentage 
of the total number of eggs used.  The number of eggs used can be found atop each 
column.  Because these experiments are expressed as a percent of the total number of 
eggs used in all experiments pulled together, no error bars are presented.  In experiments 
in which error bars are presented, the bars represent one standard deviation.  In order to 
assess significance the Student’s t-test was used.  
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3.5.  Annex: Capza3 changes localization in a sperm status specific manner 
3.5.1.  Introduction 
The process of gamete fusion remains largely uncharacterized, with only two 
proteins identified through genetic models as necessary, CD9 in the egg and Izumo in the 
sperm (Primakoff and Myles 2007).   Work from our group has recently implicated actin 
dynamics as an important component in the sperm processes leading to sperm function 
(Sosnik and others 2009).  Although the importance of actin has been well characterized 
in the spermatogenic processes (Goossens and van Roy 2005; Kierszenbaum and others 
2003; Kierszenbaum and others 2007; Xiao and Yang 2007), many roles have been 
proposed for actin in the mature mammalian spermatozoon (Brener and others 2003; 
Dvorakova and others 2005; Etkovitz and others 2007; Heid and others 2002; Hernandez-
Gonzalez and others 2000).  Recent work from our group and others has shown the 
importance of actin dynamics for the function of mature sperm (Brener and others 2003; 
Castellani-Ceresa and others 1993; Heid and others 2002; Hernandez-Gonzalez and 
others 2000; Howes and others 2001; Sosnik and others 2009).  
The study of actin dynamics spans a large collection of proteins that intervene in 
the decoration of actin as well as in the regulation of the initiation and termination of the 
polymerization process.  Within the proteins involved in actin dynamics are rho kinases, 
small GTPases, decorating proteins such as profilins and ARPs and actin capping 
proteins.  Recent work form the Eddy group has shown that mutants for actin capping 
proteins display a sub-fertile or infertile phenotype (Geyer and others 2009).  
Additionally, a recent publication reported a dynamic pattern of localization for the plus 
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end actin capping protein Capza3 (Tokuhiro and others 2008).  To further elucidate the 
relationship between actin dynamic-dependent processes and actin capping proteins we 
analyzed the localization of a sperm specific actin capping protein (Capza3) in wildtype 
mature sperm at different stages of capacitation and acrosome reaction.   
 
3.5.2.  Results 
3.5.2.1.  Capza relocates during capacitation and AR  
In order to analyze in detail the localization pattern of Capza3 in mature mouse 
spermatozoa, a polyclonal antibody against a specific peptide from Capza3 was procured.  
The GP-SH4 antibody is commercially available and specifically recognizes a single 
band of 31 kDa in testis and sperm extracts (Fig. 3.10).  Immunofluorescent microscopy 
with the GP-SH4 antibody was used to identify the localization of Capza3 in mature 
spermatozoa.  
Previous work has shown that the pattern of localization in mature mouse sperm 
presents variations yet these are not clearly explained (Tokuhiro and others 2008).  
Because mature sperm is a heterogeneous population with subtle differences easily 
missed, we decided to test if the differences in localization were due to changes in the 
maturational stages of the sperm.  We obtained cauda-epididymal sperm from mature 
CD1 male mice and separated them in three treatments.  One group was incubated in 
media lacking albumin and NaHCO3 (Non Cap) to prevent capacitation.  A second group 
was incubated for 90 minutes at 37˚C in media containing albumin and NaHCO3 (Cap) to 
promote capacitation.  A third group was incubated for 60 minutes in capacitating media 
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and an additional 30 minutes in the same media with the addition of 5 µM Ca2+ 
ionophore A23187 (AR) to induce the acrosome reaction.   After treatment all sperm 
were fixed and immunostained for microscopic analysis of Capza3 localization.  In order 
to assess the acrosomal status of theses fixed and permeabilized sperm, Alexa Fluor® 
568 labeled peanut lectin PNA was used as a counterstain.   
Our results indicate that, as described before (Tokuhiro and others 2008), Capza3 
presented a varied pattern of immunostaining.  Although with varied levels of intensity, 
all sperm showed staining in the midpiece of the flagellum.  In addition we observed four 
different patterns of staining in the head of the sperm that included staining in the anterior 
head, a diffuse staining of the whole head, a post-acrosomal staining and some sperm 
with undetectable staining.  Careful examination and correlation with the treatments and 
PNA staining patterns revealed a perfect correlation between the localization of Capza3 
and the status of the sperm.  Non capacitated sperm showed an anterior staining in 75% 
of the cells (Fig. 3.11 & Table 3.2, Non Cap).  In contrast, 73% of the capacitated sperm 
displayed a diffuse staining pattern (Fig. 3.11 & Table 3.2, Cap).  In contrast with this 
consistency, acrosome reacted sperm showed two different patterns of staining; post 
acrosomal and undetectable staining were observed after ionophore treatment.  Close 
examination of the PNA staining in these two populations showed that those sperm 
depicting pos-acrosomal staining still had some level of PNA staining indicating that the 
acrosomal exocytosis had not been complete. This observation made us classify these 
sperm as in an initial sperm of acrosome reaction (ARi).  In contrast, those acrosome 
reacted sperm that lacked detectable levels of Capza3 staining also lacked any PNA 
staining and thus we classified them as in a final stage of acrosome reaction (ARf).  After 
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re-classification of the sperm a strong correlation between Capza3 staining and acrosomal 
status with a 95% of ARi sperm presenting post-acrosomal staining for Capza3 and 91% 
of ARf sperm with undetectable levels of Capza3 staining (Fig. 3.11 & Table 3.2). 
 
3.5.2.2.  Capza movement precedes that of Izumo 
Izumo relocalization from that anterior head to the posterior equatorial 
segment/post-acrosomal compartment has been established as an active process that 
depends on actin dynamics (Sosnik and others 2009).  Because Capza3 is a plus end actin 
capping protein we analyzed whether the movement of Capza3 was coupled of that of 
Izumo.  In order to establish this relationship, the same treatments as above were carried 
out and immunostaining was performed against Capza3 and Izumo.  Careful examination 
of the samples revealed that Capza3 relocalization precedes that of Izumo (Fig. 3.12).  
Acrosomal status was judged by the extent of Izumo relocalization observed.  Sperm that 
presented an enlarged Izumo staining that remained anterior were considered ARi, while 
only the sperm that presented a clear posterior pattern of localization were considered 
ARf. After this separation of the populations, the correlation found was comparable to 
that of the one observed as judged by the PNA staining pattern (Fig. 3.12-B & Table 3.3). 
 
3.5.2.3.  Capza relocalization is not actin dependent 
Because Capza3 is a plus end actin binding protein and sperm head proteins had 
been shown to move in an actin dependent manner, we wanted to establish if the changes 
of localization observed in Capza3 were also actin dependent.  In order to test this 
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hypothesis we used the actin polymerization inhibitor toxin latrunculin A.  Latrunculin A 
acts by binding monomeric actin units and thus preventing them from forming filaments.   
This action also causes that the dynamic equilibrium of actin filaments is disrupted and 
eventually all actin becomes sequestered monomers (Spector and others 1989). 
Cauda-epididymal sperm from mature mice was obtained and treated as before 
with the addition of 10µM latrunculin A or equivalent volume of DMSO vehicle control 
and immunostained as previously.  As a result, it was observed that latrunculin A had no 
effect on Capza3 sperm status specific relocalization (Fig. 3.13-A & Table 3.4). 
 
3.5.2.4.  Tssk6 null sperm possess Capza3 and the relocalization is not affected. 
We have previously shown that Tssk6 null sperm have compromised actin 
polymerization and impaired relocalization of Izumo.  We tested the sperm from Tssk6-/- 
animals to determine if the relocalization of Capza3 was in any way affected.  After 
immunostaining and microscopic analysis of the samples we concluded that the sperm 
status specific Capza3 relocalization occurred in a normal fashion and the percentages of 
relocalization were comparable with those from wildtype sperm (Fig. 3.13-B & Table 
3.5). 
 
3.5.3.  Discussion 
The roles of the actin cytoskeleton in mature mammalian sperm function have 
been implicated with processes of capacitation, acrosome reaction and gamete fusion 
(Brener and others 2003; Dvorakova and others 2005; Etkovitz and others 2007; 
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Hernandez-Gonzalez and others 2000; Rogers and others 1989; Sosnik and others 2009).  
Recent work on the infertile reproductive mutant repro32 mouse has identified a sperm 
specific variant of the plus end actin (muscle z-line) capping protein subunit alpha 
(Capza3) as an important component of the actin cytoskeleton during spermatogenesis 
(Geyer and others 2009).  Capza3 has also been shown to have a dynamic pattern of 
localization in testicular and epididymal sperm in a report from 2008 (Tokuhiro and 
others 2008).  Following these reports and our own findings of the importance of actin 
dynamics for the relocalization of sperm proteins required for gamete fusion (Sosnik and 
others 2009), we explored the patterns of immunolocalization of Capza3 in mature mouse 
sperm at different states.   
The results here presented indicate that, as previously reported, Capza3 presents a 
dynamic pattern of localization in the mature sperm.  In addition we were able to 
correlate the different patterns of localization with specific stages of sperm activity.  Our 
results indicate that Capza3 is located in the anterior head of non capacitated 
spermatozoon.  Upon capacitation Capza3 relocates posteriorly giving a diffuse signal 
throughout the whole sperm head. Shortly after the induction of the acrosome reaction, 
Capza3 completely relocates to the post-acrosomal compartment and after the completion 
of the acrosomal exocytosis, the protein becomes cryptic giving an undetectable signal in 
the head.  Is important to note that our results show that, although at varied levels of 
detectability, Capza3 is always present in the midpiece of the flagellum. 
Although only a 75% of the non capacitated sperm presented the anterior head 
staining, the pattern presented by the remaining 25% of the cells is due mostly to 
spontaneously acrosome reacted sperm and damaged/non viable sperm.  Similarly, the 
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27% of the capacitated sperm population that failed to present a diffuse pattern of 
localization can be explained also by the presence of spontaneously reacted sperm and 
damaged sperm.   
Our findings also indicate that the changes in Capza3 localization are not actin 
dependent.  When the actin polymerization inhibitor latrunculin A was used, the 
relocalization of Capza3 occurred normally.  Furthermore, when tested in Tssk6 null 
sperm (sperm previously identified as having defects in the polymerization of actin in the 
head) Capza3 also relocated in numbers comparable to those of wildtype untreated 
sperm. 
Izumo, the sperm protein necessary for gamete fusion, has been reported to 
relocate in sperm following the acrosome reaction in an actin dependent manner.  When 
the Izumo relocalization was analyzed in the context of Capza3 relocalization it was 
observed that the Capza3 relocalization precedes that of Izumo, suggesting a mechanism 
for the activity of Capza3.  In this proposed model (Fig. 3.14), Capza3 begins to diffuse 
from the anterior head of the sperm towards the posterior head upon sperm capacitation.  
On the onset of acrosome reaction and probably signaled by a second messenger like 
Ca2+, Capza3 anchors in the post-acrosomal compartment.  Is likely that then it acts 
capping and stabilizing actin filaments that are then used to actively transport cargo that 
includes transmembrane proteins like Izumo that can then act in their proper 
environments to promote the gamete fusion.  Although this model requires proof, is here 
advanced as a possible roadmap for future exploration.  
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3.5.4.  Materials and Methods 
Reagents and solution s were acquired as indicated in sections 2.4. and 3.4. Anti-
Capza 3 antibody GP-SH4 was obtained from American Research Products, Inc™ 
(Belmont, MA). Alexa Fluor® 568 conjugated PNA was obtained from Molecular Probes 
(Eugene, OR). 
Animal care and use was performed as in section 2.4.1. above. 
Sperm sample preparation was performed as in section 2.4.2. above. 
Western blots were performed as in section 2.4.3. above. 
Immunocytochemistry was performed as in section 2.4.4. above. 
Inhibitors were used as indicated in section 3.4.6. above. 
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 Figure 3.1: Sperm from Tssk6 null mice present morphological defects 
Sperm obtained from the cauda of the epididymis of Tssk6 null mice were fixed 
and mounted for transmitted light microscopy.  A) Differential Interference Contract 
microscopy reveals a variety of morphological defects that consist on detached heads 
(Heads), defects in the connecting piece giving the sperm “fragile necks” (Neck), hairpins 
in the annulus (Hairpin) and a combination of defects in the connective piece and annulus 
(Hairpin + Neck).  A percent of sperm from these mice portray normal morphology.  B) 
Quantitative analysis of the morphological defects depicted in A).  C) Quantification of 
morphological defects in wildtype sperm. 
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Table 3.1:  parametric analysis of Tssk6 null sperm as compared to WT 
Sperm from Tssk null mice was obtained and different parameters were analyzed.  
Sperm count was performed by standard cytometry with hemocytometer under a 
transmitted light microscope.  Viability was analyzed by fluorescent microscopy using 
the Live/Dead kit from Molecular Probes as indicated by the manufacturer.  Spontaneous 
acrosome reaction was analyzed by fluorescent staining with Alexa Fluor® 488 
conjugated PNA after permeabilization.  DAPI was used as a counterstain to identify all 
sperm nuclei.  The different parameters analyzed were also studied in wildtype littermate 
control animals. 
Parameter Wild Type Tssk6-/-
Number of Sperm (x106/ml) 167±2.1 80±1.7
Viable (%) 82.6±4.1 83.7±3.2
Spontaneous Acrosome Reaction (%) 21.1±0.9 23.5±2.5
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 Figure 3.2:  Capacitation related changes in sperm from Tssk6 null animals 
Sperm from Tssk6 null mice was obtained and incubated for 90 minutes at 37˚C 
in media lacking (Non Cap) or possessing (Cap) albumin and NaCHO3 to prevent or 
promote capacitation respectively.  A) After incubation a fraction of the sperm was 
placed on a standard gals slide and time-lapse microscopy was used to analyze their 
movement.  10 randomly selected sperm trajectories were manually traced and graphed. 
Wildtype sperm (WT) shows a change in motility characterized by an increase in the 
angular displacement and a decrease in the forward motility.  In contrast, Tssk6-/- sperm 
presents a less marked change in motility and presents a basal pattern in Non Cap 
conditions that is already less forwardly motile that WT and also presents greater angular 
displacement.  B) Proteins from sperm treated as above were extracted in Laemmli buffer 
and separated by SDS-PAGE.  The gels were then analyzed by western blot with anti-
phospho-tyrosine antibody (clone 4G10).  Sperm from Tssk6 null animals present an 
increased basal level of tyrosine phosphorylation as compared to the wildtype control.  
Nevertheless, the increase in tyrosine phosphorylation normally associated with 
capacitation can be observed in both WT and Tssk6-/- sperm.  Noteworthy are the two 
bands of lower molecular weight present in the Tssk6 null samples and absent in the WT 
sperm samples. 
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 Figure 3.3: Tssk6 is required for fertilization but not for egg activation 
Sperm were obtained from either WT or Tssk6 null mice and used for in vitro 
fertilization assays as described in Methods. A) Representative images showing WT eggs 
with (IVF) or without zona pellucida (IVF-Zona Free) after 4 hours of in vitro 
fertilization. Note formation of the two pronuclei in the eggs fertilized with WT sperm 
(arrows) and the absence of fertilization in the eggs that were exposed to Tssk6 null 
sperm (KO).  The lower panels (ICSI) depict characteristic intracellular Ca2+ transients 
indicating equivalent egg activation in the eggs injected both with the WT and Tssk6 null 
sperm.  B) Quantification of the experimental data from A). The data represent 
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combination of at least four independent experiments and are presented as percentage of 
the total number of eggs used. The total number of eggs used is indicated atop each 
column. The ICSI data is courtesy of Sook-Young Yoon. 
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 Figure 3.4: Tssk6 null sperm cannot fuse with eggs 
Eggs devoid of zona pellucida were loaded with DNA stain Hoechst 33342 prior 
to IVF as described in Methods. Fusion was assessed by transference of fluorescent 
Hoechst 33342 from the egg to the fused sperm and observed under DIC and 
epifluorescent microscopy at 20 and 120 minutes. A) WT sperm fused to the eggs were 
stained with Hoechst 33342 after 20 minutes incubation (WT). Tssk6 null sperm were not 
stained after 120 minutes incubation indicating that fusion did not occur (KO).  Note that 
the unfertilized eggs that did not undergo fusion maintain their chromatin aligned at 
metaphase II as seen in the positive staining (KO). B) Quantification of the experiments 
was performed as in Fig. 3.3. The data represent combination of four independent 
experiments and are presented as percentage of the total number of eggs used. 
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 Figure 3.5:  Analysis of the protein Izumo in wildtype sperm 
A) Transverse sections of mature wildtype mice testis show Izumo is express 
throughout the spermatogenic process.  Testes were fixed and paraffin embedded before 
sectioning.  Staining was performed with anti-Izumo antibody (OBF13) after acid 
unmasking as indicated in methods.  Fluorescent secondary antibody was used in 
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conjunction with fluorescent PNA and DAPI as counterstains.  The red signal for Izumo 
is present throughout the seminiferous tubule shown indicating its presence at all stages 
of the spermatogenic process.  B) Izumo is present as a doublet when analyzed by 
western blot. This doublet is due to different states of Izumo phosphorylation.  Mature 
sperm was obtained from the cauda of the epididymis of mature wildtype mice and lysed 
in buffer containing 1% Triton-X100 and protease inhibitors.  The samples were 
separated in three.  The first group was left untreated (N/T) the second was treated with 
alkaline phosphatase (Phos) and the third with excess ATP (ATP).  After 30 minutes 
incubation at 37˚C the samples were separated by centrifugation at 104 G and 
supernatants separated from pellets.  Proteins from both were solubilized in Laemmli 
buffer and separated by SDS-PAGE.  The samples were then analyzed by western blot 
with anti-Izumo antibody (OBF13).  C) Analysis of lipid raft distribution of Izumo in 
wildtype and Tssk6-/- sperm.  Sperm samples were collected from Tssk6 null mice or 
littermate control wildtype mice and extracted in Tris-EDTA-NaCl (TEN) buffer 
containing protease inhibitors and Triton-X100 at 4˚C as indicated in material and 
methods.  The samples were then separated at 2*105 G at 4˚C for 18 hours in a 
discontinuous sucrose gradient.  After separation the samples were divided in 10 
sequential fractions according to buoyancy.  9 supernatant fractions and a pellet were 
collected.  The 9 supernatants were dissolved in Laemmli buffer and separated through 
SDS-PAGE and subsequently analyzed by western blot using anti-Izumo (OBF13) or 
anti-Flotilin 2 (as an extraction control) antibodies.  Results show no significant 
disruption of the lipid rafts or of the protein distribution in them. 
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 Figure 3.6: Izumo fails to relocate after acrosome reaction in the absence of Tssk6 
A) Cauda epididymal sperm of wild type (WT) and Tssk6 null (KO) mice was 
obtained as in materials and methods and total extracts were analyzed by western blot 
with anti-Izumo antibodies.  Lower panel shows the same membrane re-probed with 
Tubulin mAb as a loading control.  B) Epifluorescent localization analysis of Izumo in 
wild type sperm (WT), and Tssk6 null sperm (KO) in either intact sperm (No AR) or 
Ca2+ ionophore induced acrosome reaction (AR). Note that the PNA staining is lost in 
acrosome reacted sperm of both WT and Tssk6 null mice.  C) Percentage of sperm 
presenting posterior head Izumo staining before (No AR) and after (AR) acrosome 
reaction. Results represent the average ± s.d. of four independent experiments in which 
200 sperm were counted per condition. (*** = p < 0.005) 
 94 
 Figure 3.7: Sperm from Tssk6 null mice fail to polymerize actin in the posterior 
head 
A) Cauda epididymal sperm proteins from either wild type (WT) or Tssk6 null 
(KO) mice were extracted, separated by SDS-PAGE, transferred to PVDF and analyzed 
by Western blot with anti-Actin antibody. The signal was observed by incubation with 
horseradish peroxidase-labeled anti-mouse IgG antibodies and chemiluminescence 
reaction.  The western blot reveals that Tssk6 null sperm possess the same amount of 
total actin as the wildtype. B) Sperm from Tssk6 null mice incubated for 1 hour in media 
that support capacitation were fixed and stained with anti-Tssk6 monoclonal antibodies 
or fluorescent phalloidin as described in materials and methods. In both cases, bottom 
panels show the overlay with a DIC image for orientation reference. The images indicate 
the absence of polymerized actin in the head of the sperm. Experiments were repeated at 
least three times; representative images are shown. 
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 Figure 3.8: Actin and myosin inhibitors blocked relocation of Izumo 
A) Anti-Izumo fluorescent staining of wild type sperm incubated for 1 hour in 
media that support capacitation either in the presence or in the absence of 5µM 
latrunculin A. Izumo immunoreactivity examples of intact sperm (No AR) and Ca2+ 
ionophore-induced acrosome reacted sperm (AR) are shown. (B) Wild type sperm were 
incubated in capacitating medium containing increasing concentrations of latrunculin A, 
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ML-7, Blebbistatin or  H89 for 1 hour. Then, 5 µM A23187 was added and the sperm 
incubated for 30 additional minutes. The sperm were then washed, fixed and anti-Izumo 
immunofluorescence analysis was conducted as described in materials and methods. 
Points represent the percentage of acrosome reacted sperm presenting posterior head 
Izumo staining. Results represent the average ± s.d. of at least three independent 
experiments in which 200 sperm were counted per condition. 
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 Figure 3.9:  Proposed model of action of Tssk6 and segregation of acrosome 
reaction events. 
Left) Model of the proposed mechanism of Tssk6 action derived from the results 
here presented.  Tssk6 is involved (directly or indirectly) in the polymerization of actin in 
the head of the spermatozoon.  This actin polymerization is important for the 
maintenance of the structural integrity of the sperm (hairpins and neck defects leading to 
decapitation) and for the active transport of certain proteins like Izumo.  In turn this 
protein relocalization is necessary for certain sperm functions as gamete membrane 
fusion.  Right) Results from work in the Tssk6 null mice sperm as well as work in 
wildtype sperm using actin dynamics inhibitors indicate that the acrosome reaction 
involves concomitant events that are independent from each other.  Although the 
initiation signals are probably the same, the exocytotic processes that occur during the 
acrosome reaction can be dissociated from other concomitant events like the protein 
relocalization of certain proteins that is necessary for certain activities of the sperm like 
the gamete membrane fusion. 
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 Figure 3.10: Validation of anti-Capza3 antibody GP-SH4 
Proteins were extracted from different tissues with Laemmli buffer lacking 
bromophenol-blue and the concentration of total protein assessed by the Bradford 
method.  50µg of protein from each tissue were loaded and separated by SDS-PAGE and 
analyzed by western blot with anti-Capza3 GP-SH4 antibody.  A 31kDa band 
corresponding to Capza3 can be observed only in sperm and total testis extracts.  Note 
that that non-specific band at 72kDa is not present in the sperm extract. 
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 Figure 3.11: Capza3 presents a varied pattern of localization in mature mouse 
sperm 
Sperm from the cauda of the epididymis from mature mice were obtained and 
incubated in media lacking (Non Cap) or containing (Cap) albumin and NaCHO3 for 90 
minutes at 37˚C.  A third group was incubated in capacitating media for 60 minutes and 
an additional 30 minutes after the addition of Ca2+ ionophore (AR).  The samples were 
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then mounted on drops on glass slides and fixed as indicated in materials and methods.  
After permeabilization the samples were stained for Capza3 using the GP-SH4 antibody.  
Fluorescent secondary antibody was used in conjunction with fluorescent PNA and DAPI 
as counterstains.  The extent of the acrosome reaction was judged by the extent of loss of 
PNA staining and samples separated for quantification into initial acrosome reaction 
(ARi) (samples retaining partial PNA staining) and final acrosome reaction (ARf) 
(samples lacking all PNA staining).  A) Representative distribution of Capza3 and PNA 
in sperm from the different treatments.  B) Graphical representation of the quantification 
of the samples shown in A).  The bars represent percentage of sperm presenting the given 
staining pattern with a given treatment.  200 sperm were counted per condition per 
experiment.  n=6. Error bars represent ± s.d. 
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Table 3.2:  Capza3 localization varies in accordance to sperm status as judged by 
PNA staining 
Numerical quantification from the experiment described in Fig. 3.11 and graphed 
in Fig. 3.11-B. The numbers represent the percent of sperm presenting a specific staining 
pattern for a given condition ± s.d.  200 sperm were counted per condition per 
experiment.  n=6.  
Non Cap Cap ARi ARf
Acrosome 75±5 4±1 2±1 1±1
Diffuse 5±2 73±6 2±1 1±1
Post-Acrosome 18±3 22±5 95±2 7±4
Undetectable 2±1 1±1 1±1 91±6
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 Figure 3.12: Capza3 movement precedes that of Izumo 
Sperm from the cauda of the epididymis from mature mice were obtained and 
incubated in media lacking (Non Cap) or containing (Cap) albumin and NaCHO3 for 90 
minutes at 37˚C.  A third group was incubated in capacitating media for 60 minutes and 
an additional 30 minutes after the addition of Ca2+ ionophore (AR).  The samples were 
then mounted on drops on glass slides and fixed as indicated in materials and methods.  
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After permeabilization the samples were stained for Capza3 using the GP-SH4 antibody 
and for Izumo using the OBF13 antibody.  Fluorescent secondary antibodies were used in 
conjunction with DAPI as counterstain.  The extent of the acrosome reaction was judged 
by the extent of Izumo relocalization and samples separated for quantification into initial 
acrosome reaction (ARi) and final acrosome reaction (ARf). A) Representative 
distribution of Capza3 and Izumo in sperm from the different treatments.  B) Graphical 
representation of the quantification of the samples shown in A).  The bars represent 
percentage of sperm presenting the given staining pattern with a given treatment.  200 
sperm were counted per condition per experiment.  n=6. Error bars represent ± s.d. 
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Table 3.3:  Capza3 localization varies in accordance to sperm status as judged by 
the localization of Izumo  
Numerical quantification from the experiment described in Fig. 3.12 and graphed 
in Fig. 3.12-B. The numbers represent the percent of sperm presenting a specific staining 
pattern for a given condition ± s.d.  200 sperm were counted per condition per 
experiment.  n=6.  
Non Cap Cap ARi ARf
Acrosome 76±5 5±2 1±1 1±1
Diffuse 4±2 72±7 1±1 1±1
Post-Acrosome 18±5 21±5 95±1 7±3
Undetectable 2±1 2±1 2±1 92±3
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 Figure 3.13:  Capza3 relocalization is not an actin dependent process 
Sperm from the cauda of the epididymis from mature mice were obtained and 
incubated in media lacking (Non Cap) or containing (Cap) albumin and NaCHO3 for 90 
minutes at 37˚C.  A third group was incubated in capacitating media for 60 minutes and 
an additional 30 minutes after the addition of Ca2+ ionophore (AR).  The samples were 
then mounted on drops on glass slides and fixed as indicated in materials and methods.  
After permeabilization the samples were stained for Capza3 using the GP-SH4 antibody.  
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Fluorescent secondary antibody was used in conjunction with fluorescent PNA and DAPI 
as counterstains.  The extent of the acrosome reaction was judged by the extent of loss of 
PNA staining and samples separated for quantification into initial acrosome reaction 
(ARi) (samples retaining partial PNA staining) and final acrosome reaction (ARf) 
(samples lacking all PNA staining).  A) Sperm were treated as here described with the 
addition of 25µM of the actin polymerization inhibitor latrunculin A. Graphical 
representation of the quantification of the samples as described in Fig. 3.11.  B) Sperm 
from Tssk6-/- mice were treated as above and imaged as previously described.  Graphical 
representation of the quantification of the images as described in Fig. 3.11.  The bars 
represent percentage of sperm presenting the given staining pattern with a given 
treatment.  200 sperm were counted per condition per experiment.  n=3. Error bars 
represent ± s.d. 
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Table 3.4:  Capza3 localization in sperm treated with latrunculin A 
Numerical quantification from the experiment described and graphed in Fig. 3.13-
A. The numbers represent the percent of sperm presenting a specific staining pattern for a 
given condition ± s.d.  200 sperm were counted per condition per experiment.  n=3.  
Non Cap Cap ARi ARf
Acrosome 76±4 4±2 2±1 1±1
Diffuse 4±1 74±3 1±1 2±1
Post-Acrosome 18±4 20±2 96±2 6±6
Undetectable 2±1 2±1 1±1 92±6
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Table 3.5:  Capza3 localization varies in Tssk6 null sperm similarly to the changes 
observed in WT sperm (status judged by PNA staining)  
Numerical quantification from the experiment described and graphed in Fig. 3.13-
B. The numbers represent the percent of sperm presenting a specific staining pattern for a 
given condition ± s.d.  200 sperm were counted per condition per experiment.  n=3.  
Non Cap Cap ARi ARf
Acrosome 78±3 3±1 1±1 1±1
Diffuse 3±1 72±1 1±1 1±1
Post-Acrosome 18±3 23±2 96±2 5±6
Undetectable 2±1 2±1 1±1 94±6
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 Figure 3.14: Proposed model for Capza3 relocalization and activity  
In this proposed model capacitation leads to Capza3 relocalization from the 
anterior head of the sperm towards the posterior head.  Upon acrosome reaction Capza3 
anchors itself in the post-acrosomal compartment were is acts capping actin filaments 
stabilizing them. These stabilized actin filaments can then be used for active transport of 
sperm proteins required for sperm activity like the relocalization of Izumo necessary for 
the fusion of the gamete membranes.  The retrograde displacement of Capza3 appears to 
be simultaneous but independent from the acrosomal exocytosis. 
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CHAPTER 4 
OTHER Tssk FAMILY MEMBERS 
4.1 The Tssk family in mice 
4.1.1. Introduction 
As mentioned before the Testis Specific Serine Kinase (Tssk) family of proteins is 
highly conserved throughout different members, across species and in tissue specificity of 
the patterns of expression.  This high level of conservation prompted us to postulate that 
these proteins have to play important roles during spermatogenesis and/or sperm 
function.  New work has shown that Tssk1 and/or Tssk2 are necessary for male fertility 
in the mouse (Shang 2007).  We have also shown here and elsewhere that Tssk6 is 
required for male fertility in the mouse (Sosnik and others 2009; Spiridonov and others 
2005).  Finally, published work mentioned in chapter 1 correlates male infertility in men 
with TSSK4 (Su and others 2008).  These results support our original postulate and 
generate the question of how redundant these proteins are and whether or not the 
requirement observed in mammalian species is also conserved across the animal 
kingdom. 
In this chapter we generated a tool to analyze the high level of conservation of 
Tssk family members in mouse as well as within species, we studied some previously 
unidentified orthologs in invertebrates and cloned a previously unknown member of the 
murine family (Tssk4) as well as its human ortholog (TSSK4).  The results of this chapter 
have not been previously published although they have been shared at several 
professional meetings. 
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4.1.2.  Results 
4.1.2.1.  anti-panTssk antibody 
Research on newly discovered proteins or signaling pathways is often hindered by 
the lack of appropriate tools.  When we started the research on the Tssk family of 
proteins no tools were available.  We then generated an antibody against a peptide 
(LDKDFNIKLSDFSFSKR) that is common to most members of the Tssk family 
members.  The antibody was raised in rabbits by Quality Control Biochemicals (QCB) 
and purified in a column against the antigenic peptide bound to agarose beads.  The 
resulting purified antibody was tested and validated. 
Recombinant proteins from the Tssk family were generated in E. coli and the total 
cell lysates separated by SDS-PAGE as previously described.  The proteins were then 
transferred from the gels to PVDF membranes and analyzed by western blot.  Two sets 
were tested at a time and assayed in parallel with either anti-pan Tssk antibody or the 
same antibody pre-incubated with excess of the antigenic peptide. The antibody 
recognized all the Tssk family members tested and the antigenic peptide pre-incubation 
showed the specificity of the signal obtained (Fig. 4.1-A and B).   
 
4.1.2.2.  Tssk in mice sperm 
Western blot analysis of mature mice cauda epididymal sperm samples separated 
through either one or two dimensional poly-acrylamide gels electrophoresis and 
transferred to PVDF membranes reveals the presence of several members of the Tssk 
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family in these mature cell population (Fig. 4.1-B and C).  Analysis of the two 
dimensional gel assay reveals spots shifting discontinuously towards more acidic pH 
values indicating differential states of phosphorylation (Fig. 4.1-D). 
 
4.1.2.3.  Tssk localization in mice sperm 
Using the same anti-pan Tssk antibody as described above we analyzed the 
intracellular distribution of Tssk family members in cauda epididymal sperm from mature 
mice.  Sperm were obtained as previously explained and after washed mounted in drops 
onto glass slides.  Sperm were then fixed with 3.7% formaldehyde and permeabilized 
with 0.5% Triton-X100 in PBS.  The slides were blocked with BSA in PBS containing 
0.1% Tween.  The samples were stained with anti-pan Tssk antibody and after wash with 
anti-rabbit antibody conjugated to Alexa Fluor® 555 for visualization.  PNA-Alexa 
Fluor®488 and DAPI were used as counterstains.  Imaging was done in a Nikon eclipse 
inverted microscope equipped with the appropriate filter sets and a neon lamp.  The 
acquisition was made with an ORCAII camera controlled through Openlab software.  
Analysis of the images reveals that members of the Tssk family of protein kinases are 
present in the anterior and post-acrosomal regions of the sperm head as well as in the 
midpiece and principal piece of the flagellum of the sperm (Fig. 4.2-A and B).  Pre-
incubation of the anti-pan Tssk antibody with excess of the antigenic peptide abrogated 
the specific signal (Fig. 4.2-C and D). 
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4.1.3.  Materials and Methods 
Reagents were obtained as explained before in sections 2.4 and 3.4. 
Animals were cared and used as in section 2.4.1 above. 
Sperm samples were obtained as indicated before in section 2.4.2. 
Western blot analysis was performed as previously indicated in section 2.4.3. 
Immunocytochemistry was performed as explained before in section 2.4.4. 
 
4.1.3.1.  anti-panTssk antibody 
An antibody against the antigenic peptide LDKDFNIKLSDFSFSKR that is 
conserved throughout the Tssk family of proteins was raised in rabbits by contract with 
Quality Controlled Biochemicals Inc.  Several bleeds were tested and the final bleed 
purified against a column of the peptide bound to agarose beads.  The purified antibody 
was re-tested and checked for specificity. 
 
4.1.3.2.  Two dimensional gel electrophoresis 
Two dimensional gel electrophoresis (2D-PAGE) was conducted as described 
(Jha and others 2006); briefly, after incubation in media, sperm were centrifuged at 104 G 
for 5 minutes and resuspended in a modified Celis extraction/rehydration buffer (8 mM 
urea, 4% CHAPS, 0.2% carrier ampholytes pH 3-10, 50mM DTT, 0.0002% 
Bromophenol blue), vortexed for 2 minutes and kept on ice for 30 minutes. After 
centrifugation at 104 G for 5 minutes, protein extracts were loaded passively onto IPG 
strips (pH 3-10) by soaking overnight at room temperature. Isoelectric focusing (IEF) 
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was performed using Protean IEF Cell apparatus (BioRad, Richmond, CA) starting with 
15 minutes at 250 V and rapid linear potential increase to 4*103 V overnight to a final 
2*104 Vh. After IEF, IPG strips were equilibrated in equilibration buffer (6M urea, 2% 
SDS, 500 mM Tris/HCl pH8.8, 2% DTT, 20% glycerol) at room temperature for 10 
minutes, followed by incubation on a second equilibration buffer in which DTT was 
replaced with 2.5% iodoacetamide, for an additional 10 minutes at room temperature. 
Second dimensional gel-electrophoresis was performed on 10% SDS-PAGE gels. 
Proteins were transferred onto PVDF membranes and analyzed by Western blotting as 
described above or developed using silver stain as previously described (Ficarro and 
others 2003). 
 
4.2.  Invertebrate Tssk Families 
4.2.1.  Introduction 
Blast searching the NCBI databases of all available sequences for homologies to 
Tssk family members reveled orthologs in a large variety of organisms including 
nematodes (C. elegans), fruit flies (D. melanogaster), mosquitoes (A. gambiae), ascidians 
(C. intestinalis) and fish (D. rerio), among others.  Interestingly, the available Expressed 
Sequence Tags (ESTs) for many of these organisms revealed that a large majority of the 
sequenced mRNA had a male gonadal origin. The existence of such conservation with the 
presence of orthologs in such a variety of non-mammalian vertebrates and other 
invertebrates added to the conserved pattern of expression was suggestive of the possible 
importance of this family of kinases.   
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4.2.2.  Results 
4.2.2.1.  D. melanogaster 
Through sequence homology of the D. melanogaster genome and using the 
available ESTs two sequences of possible Tssk orthologs were generated.  PCR primers 
to such sequences were formulated and cDNA from drosophila tissues were obtained 
from Origine.  In collaboration with the laboratory of Dr. John Nambu, the cDNA was 
used as template for polymerase chain reactions with the designed primer sets.  The 
reaction corresponding to the D. melanogaster gene CG9222 returned a band that was 
present in cDNA from male bodies but not in reactions with cDNA from female bodies 
(Fig. 4.3-A). This result confirmed our findings from database mining.   
To confirm the presence of the ortholog genes as expressed proteins testis and 
ovaries from adult flies were dissected.  Proteins were extracted by lysing the tissue in 
Laemmli buffer and boiling for 5 minutes. Insoluble fractions were removed by 
centrifugation at 104 G for 5 minutes and the remaining supernatants separated by SDS-
PAGE.  The gels were transferred to PVDF membranes and assayed by western blotting 
with either the anti-pan Tssk antibody or the same antibody pre-incubated in excess of the 
antigenic peptide.  A specific band was found to be present in extracts from drosophila 
testis but was not present on those from ovaries (Fig. 4.3) confirming that a protein from 
the Tssk family is present in testis of the fruit fly. 
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4.2.2.2.  C. elegans 
Due to the possibility of rapid genetic screenings in C. elegans and the existence 
of a C. elegans knockout consortium the sequenced genome of this nematode was mined 
for Tssk orthologs.  Three genes closely related to the mammalian Tssk family of 
proteins were identified (Fig. 4.4). Search through the existing alleles from C. elegans 
repositories returned no hits for Tssk orthologs.  The strains were then requested from the 
C. elegans consortium in Oklahoma and Japan.  An allele was then identified for gene 
B0511.4 in a screening for the gene performed in Canada and returned to the Oklahoma 
repository.  The OK1500 (VC1002) strain required no balancing.  Phenotypic analysis 
performed by the consortium revealed a superficially wildtype phenotype.  The strain was 
obtained from the repository and no abnormal phenotype was superficially observed (Fig. 
4.5 and Movie 5).  Other strains have since been generated and a collaboration with the 
laboratory of Dr. Daniel Chase at the University of Massachusetts Amherst was 
established to produce double and triple mutants to further investigate whether the lack of 
phenotype is due to redundancy or if it is related to the differences in the reproductive 
strategy of this nematode.  This investigation is ongoing. 
 
4.2.3.  Discussion 
The presence of Tssk orthologs in invertebrates presents interesting implications 
for the evolutionary development of this family of kinases.  The presence of these genes 
in such state of conservation is indicative of the importance or the function of these 
kinases in the male gonad and/or the mature spermatozoa.  Further work needs to be done 
in this area to identify fly mutants for CG9222 and trace the effects of such mutation.  In 
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addition, the analysis of other C. elegans mutants as well as double and triple mutants 
could reveal the phenotypes that are masked otherwise by compensation mechanisms.  In 
addition, analysis of the male C. elegans and not just the hermaphrodite should be 
performed.  The hermaphrodite C. elegans has a first onset of meiotic events in its gonad 
that generates amoeboid spermatozoon. The cells migrate towards the spermotheca and 
then the gonad undergoes a second round of meiotic events that generate the eggs.  This 
switching might mask some of the effects of the lack of the protein.  In the male, on the 
other hand, such as in mammals, the gonad is constantly producing sperm and thus the 
analysis of males possessing mutations for the Tssk genes and the comparison with the 
wildtype could be revealing of functional defects.  Analysis of parameters such as 
competition and not just the endpoint of fertilization could also provide insights into the 
activity of these kinases. 
 
4.2.4.  Materials and Methods 
Materials and reagents were obtained as before in sections 2.4 and 3.4.  Rapid-
Scan® plates of first strand DNA from D. melanogaster tissues were obtained from 
Origene (Rockville, MD). Sequence homology analysis was performed through the 
EMBL-EIB ClustalW2 online portal (http://www.ebi.ac.uk/Tools/clustalw2/index.html). 
ENU mutagenized C. elegans strain OK1500 (VC1002) were obtained from the C. 
elegans consortium (Oklahoma City, OK). 
PCR was performed as before explained in section 2.4.7. 
Western blot analysis was performed as before in section 2.4.3. 
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4.2.4.1.  Time Lapse Microscopy 
Time lapse microscopy was performed in a Zeiss Axiovert inverted microscope 
equipped with an Orca AG (Hamamatsu, Japan) camera operated through Openlab 
software (Improvision).  Images were acquired with transmitted light (phase contrast) at 8 
frames per second.  The individual images were temporally stacked and converted into a 
QuickTime (Apple computers) mov video file. 
 
4.3.  Tssk4 
4.3.1.  Introduction 
As previously mentioned, Blast search of the NCBI databases of sequenced 
genomes revealed the existence of orthologs in invertebrates and non-mammalian 
vertebrates.  This search also revealed the existence of a previously unknown member of 
the Tssk family in both Mus musculus and human.  This new member of the mammalian 
family of kinases was termed Tssk4 and is the youngest member found to date.  Opposite 
to other Tssk family members that are intronless, Tssk4 presents introns and differential 
splicing variants.   
 
4.3.2.  Results 
4.3.2.1.  Tssk4 is expressed specifically in testis of mature mice. 
A 500bp fragment of that included the theoretical first and second exon sequences 
was cloned mouse polyadenylated mRNA through RT-PCR with oligo-dT as the first 
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strand primer and primes 3’ forward and 3’ reverse (Table 4.1) as primers for the PCR.  
The cloned fragment was used to generate a 39P-ATP containing dsDNA probe using the 
Prime It® reaction kit following manufacturer’s instructions (Stratagene).  The probe was 
used for northern hybridization on MTN multiple tissue northern blot membranes (BD 
Clontech) using the Quickhybe® solution (Stratagene) at 65˚C with rotation overnight.  
After hybridization three consecutive stringent washes were performed and the 
membrane exposed to radiographic film for autoradiography.  The results indicate that a 
transcript corresponding to Tssk4 is present exclusively in testis (Fig. 4.6).  The 
membrane was stripped and re-probed with a probe against b-actin as an mRNA loading 
control for the membrane.  This result indicates that Tssk4 just like the other members of 
the family is a testis specific kinase. 
 
4.3.2.2.  Cloning of Tssk4 and its different splicing variants 
Being that the theoretical sequence compiled through the assembly of partial 
ESTs corresponded to a real mRNA sequence that was testis specific, we decided to 
clone the full length mRNA for Tssk4.  RT-PCR was performed using total mouse testis 
RNA extract as template for the first strand reaction using oligo-dT as a primer for 
reverse transcription and primers MR-S2 and MR-A2 for PCR (Table 4.1).  The product 
of the reaction was cloned into TOPO-TA® vector and transformed into DH-5α E. coli. 
Individual clones were screened by PCR (Fig. 4.7-A) and sequenced.  The novel 
sequences obtained as well as the theoretical protein products were deposited in the 
NCBI database (Appendix IV).  The sequencing results showed three distinct splicing 
variants represented graphically in Fig. 4.7-B.  These obtained sequences indicate that 
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Tssk4b and Tssk4c are likely to have no activity due to the 10 amino acid insertion in 
before exon 3 that disrupts the predicted catalytic site of these kinases.  In addition the 
missense insertion in the message of Tssk4c creates a premature stop codon further 
truncating part of the catalytic site of this protein.  The existence of these potentially non-
functional splicing variants indicates the possibility of a regulatory mechanism through 
competitive inhibition by sequestering putative substrates. 
Similarly, three transcripts were cloned from a human cDNA library using 
primers JS-S1 and JS-A1 (Table 4.2) after reverse transcription with oligo-dT primer.  
The reaction also generated three alternatively splice versions of the human TSSK4. 
In order to further study the Tssk4 protein an anti-peptide antibody was generated 
against the C terminus tail of Tssk4 that is present in both Tssk4 and Tssk4b 
(YQPTSSAKRHQSLEITT).  The antibody was raised in rabbit by QCB and purified 
against the peptide immobilized onto agarose beads.  Total mouse cauda epididymal 
sperm extracts resuspended in Laemmli buffer were separated through SDS-PAGE and 
transferred onto PVDF membranes.  The membranes were analyzed by western blot with 
anti-Tssk4 antibody alone or pre-incubated in the presence of excess antigenic peptide.  
The results indicate the presence of at least one specific band corresponding to the 
molecular weight of Tssk4 (Fig. 4.8-A).  
Immunofluorescent microscopy analysis was performed as explained before on 
mature mouse sperm to determine the localization of the protein.  Result show specific 
signal in the tale of the sperm with higher abundance in the principal piece than in the 
midpiece (Fig. 4.8-B).  Interestingly, it appears as if the content of protein in the 
midpiece is graded with higher concentrations towards the head and lesser in the 
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posterior segments.  This results need to be repeated and their significance remains to the 
present undetermined.   
 
4.3.2.3.  Making of Tssk4 null mice 
Tssk4 is a novel member of the Tssk family and thus not many people work in 
this previously unknown protein.  This prompted us to formulate a plan to generate mice 
null for Tssk4.  A Tssk4 targeting construct was acquired from Genome Biosciences Inc. 
(merged with Chemicon in 2003).  The construct was amplified and linearized and sent to 
the transgenic facility in Umass Worcester where Dr. Stephen Jones’ group 
electroporated it into ES cells and grew individual clones.  Over 600 clones were 
screened for the targeted deletion for Tssk4 through Southern blot technique as indicated 
in the materials and methods section.  Briefly, genomic DNA from the individual clones 
was extracted in plates and digested with EcoRI overnight.  The DNA was then separated 
in 0.7% agarose gels and transferred through the alkaline method to positively charged 
nylon membranes.  After crosslinking the membranes were pre-hybridized prior to the 
incubation with radioactive dsDNA probes for a region in the 3’ arm of the construct.  
The wildtype gene digested with EcoRI results in a fragment containing the target 
sequence for the probe of 7.7 Kb while the targeted digest results in a 4.2 Kb fragment.  
The membranes were washed and exposed to phosphoreactive membranes and read 
through the use of a phosphoimager.  The results indicate a lack of targeting of the 
construct (Fig. 4.9) and are suggestive of short 3’ and 5’ arms.   
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4.3.3.  Discussion 
Tssk4 is a novel member of the Tssk family of protein kinases that was first found 
through data-mining the NCBI databases.  The transcript was confirmed to be testis 
specific and three alternatively spliced forms of the gene were cloned and sequenced.  
These sequences were deposited in the NCBI database.  Because not all of the 
alternatively spliced proteins are predicted to have kinase activity it is possible that the 
splicing variants function as activity regulators through the differential expression of the 
isoforms that could sequester putative transcripts and prevent their phosphorylation by 
the active forms of the protein. 
Three alternatively spliced transcripts were also cloned for the human TSSK4.  
An antibody was generated against a peptide of Tssk4 and was used to show that Tssk4 is 
present in mature mouse sperm.  Tssk4 localizes to the flagellum of the sperm in the 
midpiece and principal piece. Attempt to generate Tssk4 null mice were unsuccessful and 
no targeting could be observed in over 600 individual clones.  Before these descriptive 
results could be published, two manuscripts from the Yu lab in Shanghai were published 
confirming our findings (Chen and others 2005; Wei and others 2007). 
 
4.3.4.  Materials and Methods 
Reagents and materials were obtained as previously in sections 2.4 and 3.4.  The 
anti-Tssk4 antibody was generated by QCB.   
RT-PCR was performed as previously indicated in section 2.4.7. 
Western blot was performed as before in section 2.4.3. 
Immunocytochemistry was done following the indications given in section 2.4.4. 
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4.3.4.1 Northern blots 
Multiple Tissue Northern blot (MTN) membranes were acquired from BD-
Chemicon.  dsDNA probes were generated with PrimeIt® (Stratagene) as indicated by 
the manufacturer using a 500bp fragment of Tssk4 obtained through RT-PCR as a 
template.  The membrane was pre-hybridized for 1 hour at 65˚C in Quick Hybe® buffer 
(Stratagene) and the radioactive probes then added for overnight hybridization. The 
membrane was washed following the manufacturers instructions and exposed to 
radiographic film for autoradiography. 
 
4.3.4.2. Southern blots 
Genomic DNA was obtained by lysis of ES cells in a Sacrosyl-Proteinase K 
buffer overnight at 60˚C followed by ethanol precipitation.  The DNA was digested with 
EcoRI overnight at 37˚C and separated for 8 hours in 0.7% agarose gels at 80V.  The 
DNA was then transferred to positively charged nylon membranes by the alkaline transfer 
method and crosslinked with Stratalinker®.  The membranes were then pre-hybridized 
for 4 hours and probed with a 32P dsDNA probe overnight at 60˚C with rotation.  After 
washing the membranes were exposed to phosphoreactive plates and read with a 
phosphoimager. 
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 Figure 4.1:  Multiple Tssk family members are present in mature mouse sperm 
An anti-panTssk anti-peptide antibody was raised in rabbits against an antigenic 
peptide (LDKDFNIKLSDFSFSKR) that is common to all Tssk family members.  The 
peptide recognizes specifically at least four recombinant proteins from the Tssk family. 
A) Western blot analysis of bacterial lysates expressing different members of the Tssk 
family as indicated in the figure.  B) A membrane identical to the one on A) was assayed 
with the anti-pan-Tssk antibody pre-incubated with excess of the antigenic peptide as 
negative control. C) Western blot analysis of SDS total mouse sperm extracts with anti-
pan-Tssk antibody shows the presence of at least three members of the Tssk family in 
sperm.  D) Two dimensional analysis of total mouse sperm extracts with anti-pan-Tssk 
antibody identified several spots corresponding to various Tssk family members, some in 
different states of phosphorylation.  Panels A) and B) are courtesy of Michel Reese. 
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 Figure 4.2:  Tssk family members are present in several compartments of the sperm 
Using the same anti-panTssk antibody as in Fig. 4.1, immunofluorescent 
microscopy analysis was carried out in mature mouse sperm cells to locate the cellular 
distribution of the Tssk family proteins as indicated in the materials and methods section.  
Specific signal for Tssk family members was detected in the anterior head, the post-
acrosomal compartment and the midpiece and principal piece of the flagellum.  Bar 
equals 10µm. 
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 Figure 4.3:  Tssk paralogs are present in D. melanogaster  
A) RT-PCR for Tssk paralogs was carried out using male or female bodies’ total 
RNA extract as templates. A band corresponding to a Tssk D. melanogaster paralog 
(CG9222) is present in adult male body extracts but not in adult female body extracts.  B) 
Western blot analysis of D. melanogaster testis and ovaries total protein extracts with 
anti-pan-Tssk antibody reveals the presence of a Tssk paralog in testis but not in Ovaries 
of adult flies.  Panel A) is courtesy of Barbara Schreader.   
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C27D6.11        ------------------------------MVKEESTGRYSRSENQEEPEELSPKTKAFA 30 
Y38H8A.4        ------------------------------MVNEEST---DASENQEEPDELSPRTKAFA 27 
B0511.4         MNREEKSINQYSSNQNRPISQYFEFIFLWQIVEMATENNTDVSENQEEPDELSPKTKAFA 60 
TSSK2           -----------------------------------------------MDDATVLRKKGYI 13 
                                                                 :    :.*.:  
 
C27D6.11        PTLEKEHKLKFDKILGSGSYSRVARATWGDKKLEVAAKVINITSTREKDDYIKKFLPREK 90 
Y38H8A.4        PTLEKEHKLKFDKILGSGSYSRVARATWGDKKLEVAAKVINITPTREKDDYIKKFLPREK 87 
B0511.4         PTLEKVWKLKFEKVLGSGSYSRVARATFGEKKLEVAAKIINITPTREKEDYIKKFLPREK 120 
TSSK2           VGIN----------LGKGSYAKVKSAYSERLKFNVAVKIIDRKKTP--TDFVERFLPREM 61 
                  ::          **.***::*  *     *::**.*:*: . *    *::::*****  
 
C27D6.11        EIVKLLKHDNICRLYEMISFPD-HIIFVTEFCAGGDLLRKMKDIKTMNEDDAKFTFRQFI 149 
Y38H8A.4        EIVKLLKHDNVCRLYEMISFPD-HIIFVTEFCAGGDLLRKMKKIKTMSEENAKFTFRQFI 146 
B0511.4         EIVKLLKHDNICRLYEMISFQD-HIIFVNEYCAGGDLLRKMKDIVAMKEEDAKFTFRQLI 179 
TSSK2           DILATVNHGSIIKTYEIFETSDGRIYIIMELGVQGDLLEFIKCQGALHEDVARKMFRQLS 121 
                :*:  ::*..: : **::.  * :* :: *  . ****. :*   :: *: *:  ***:  
 
C27D6.11        AALMHLQSYNIVHRDLKCENIFLDKHENVKLGDFGFSRILKPGEK-----SGTFCGSRAY 204 
Y38H8A.4        AALMHLQSYNIVHRDLKCENIFLDKYENVKLGDFGFSRILKPGEK-----SGTFCGSRAY 201 
B0511.4         AALTHLQSYNIVHRDLKCENIFMDKHGNVKLGDFGFSRILKPGEK-----SGTFCGSRAY 234 
TSSK2           SAVKYCHDLDIVHRDLKCENLLLDKDFNIKLSDFGFSKRCLRDSNGRIILSKTFCGSAAY 181 
                :*: : :. :**********:::**  *:**.*****:    ..:     * ***** ** 
 
C27D6.11        VAPEILRGREYSGNAVDVWSTGVILYIMLVGSMPFDDRNPTKMIERQLAHKIKFPKLCTA 264 
Y38H8A.4        VAPEILRGREYSGNAVDVWSTGVILYIMLVGTMPFDDRDPTRMIERQLAHKIKFGKTCTA 261 
B0511.4         VAPEIFRGREYSGNAVDVWSTGVILYIMLAGSMPFDDRDPRKMIERQLAHKIKFPKSCTS 294 
TSSK2           AAPEVLQSIPYQPKVYDIWSLGVILYIMVCGSMPYDDSDIRKMLRIQKEHRVDFPRSKNL 241 
                .***:::.  *. :. *:** *******: *:**:** :  :*:. *  *::.* :  .  
 
C27D6.11        SVQSKALILEILQPHAPNRPTYKAICESEWLK--------------------------SQ 298 
Y38H8A.4        SIHSKALILEILQPHAPNRPTYKAICESEWLK--------------------------NQ 295 
B0511.4         SVFSKALVLEILQPHAPNRPTYKAICESEWLR--------------------------TQ 328 
TSSK2           TCECKDLIYRMLQPDVSQRLHIDEILSHSWLQPPKPKPTSSASFKREGEGKYRAECKLDT 301 
                :  .* *: .:***...:*   . * . .**:                             
 
C27D6.11        PYYMKPDEHPK-LPTPSTATTTPTGPQ--KPKDSKRQHA------------------ 334 
Y38H8A.4        PYYMKPNEPPK-LPSPSTATTTPTGPQ--KPKDSKRHHG------------------ 331 
B0511.4         PYYMKPNEPPKVLATRIVSPATPIVPVSGKPKEVKRQQG------------------ 367 
TSSK2           KTGLRPDHRPDHKLGAKTQHRLLVVPENENRMEDRLAETSRAKDHHISGAEVGKAST 358 
                   ::*:. *.      .       *   :  : :  .                    
 
Figure 4.4:  Sequence homology of C. elegans paralogs of Tssk2 
Sequence comparison of TSSK2 and three paralogs from C. elegans shows a high 
level of conservation of Tssk family members from invertebrate organisms to mammals. 
Sequence alignment was performed using the EMBL-EBI ClustalW2 online portal 
(http://www.ebi.ac.uk/Tools/clustalw2/index.html). 
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 Figure 4.5:  C. elegans mutant OK1500 (VC1002) presents a superficially normal 
phenotype 
C. elegans line OK1500 (VC1002) was obtained from the C. elegans consortium.  
ENU mutagenized C. elegans were PCR screened for mutations in Tssk paralog genes.  
The B0511.4 was detected as a mutant allele in the OK1500 line.  The animals seem to 
compensate for the function of B0511.4 since their phenotype is superficially wildtype. 
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 Figure 4.6:  Tssk4 present a testis specific expression 
A 500bp fragment of the ORF for Tssk4 was cloned and used as template for the 
synthesis of a 32P radioactive dsDNA probe for northern hybridization.  A multi-tissue 
membrane containing total RNA extracted from a variety of mouse tissues was 
hybridized using the Quick-Hybe® buffer overnight at 65˚C.  The membrane was washed 
and exposed to radiographic film for autoradiography.  A distinct band for Tssk4 is 
visible exclusively in the testis extracts.  β actin was used as a loading control. 
 
 
 130 
 Figure 4.7:  Tssk4 presents three different splicing variants 
A) Ethidium bromide fluorescence from an agarose gel with the result of PCR 
with primers for Tssk4 using individual bacterial clones containing different splicing 
variants of the Tssk4 gene.  B) Graphical representation of the Tssk4 exon structure of 
the different splicing variants observed. * symbolizes a stop codon.  
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Primer Sequence Use 
MR-S2 CTTCTCCGTAGACAGAGGCT Cloning 
MR-A2 TCAGCCACTTTCAGGTTGTG Cloning 
JS-S05 GGTGGAATTCTAATGGGGAAGGGAGACACC Subcloning 
JS-A05 ATTAAGCTTTCAGGTTGTGATTTCCAAGGA Subcloning 
JS-A07 ATGATGATGATGATGATGGGTTGTGAT Subcloning 
JS-A12 ATTAAGCTTCTACTCTGGTGAAAGGGGCTG Subcloning 
JS-A13 ATGATGATGATGATGATGCTCTGGTGA Subcloning 
JSS008 CGCGGATCCGCGGGGCATCGCCTACCT Subcloning 
JSA014 CCGGAATTCCGGTCACAAGATCTCCGG Subcloning 
JSS009 CGCGGATCCGCGAGAGAAACCCAGAAG Subcloning 
JSA015 CCGGAATTCCGGTCAGGTTGTGATTTC Subcloning 
JSS010 TGTCCTCGAATGGATTCAACGATATGG Mutagenesis 
JSA016 GGCCCCATATCGTTGAATCCATTCGAG Mutagenesis 
JSS011 CGCGGATCCGCGATGGGGAAGGGAGAC Subcloning 
JSA017 CCATCGATGGGTTGTGATTTCCAAGGA Subcloning 
JSA018 CCATCGATGCTCTGGTGAAAGGG Subcloning 
JSS012 CCGGAATTCAATGGGGAAGGGAGACAC Subcloning 
JSA019 GCTCTAGAGGGGTTGTGATTTCCAAGG Subcloning 
JSA020 GCTCTAGAGGCTCTGGTGAAAGGG Subcloning 
JSS013 CCGGAATTCTGATGGGGAAGGGAGACACC Subcloning 
JSA021 CGCGGATCCCGGGTTGTGATTTCCAAGG Subcloning 
JSA022 CGCGGATCCCGCTCTGGTGAAAGGG Subcloning 
JSS014 CCGGAATTCTATGGGGAAGGGAGACACC Subcloning 
JSA023 CGCGGATCCCGGTTGTGATTTCCAAGG Subcloning 
JSA024 CGCGGATCCCCTCTGGTGAAAGGG Subcloning 
JSS015 CATCGTGCACCGGGATTTAAAG Screen 
JSA025 GGATCAGGTTCTTGCACTCC Screen 
JSS016 CCCCCAGCCTTTCTGCTGC Screen 
JSA026 GCTGGGGCCCTGGTTTTATGC Screen 
JSS020 GGCTGCCCTTTGATGACACCA Screen 
JSA030 CTTGTGCCGTAGGACTTTCATTACC Screen 
JSS30 GCTCTAGACATGGGGAAGGGAGACACCTCGG Subcloning 
JSA40 ACGCGTCGACTCAGGTTGTGATTTCCAAGGACTGG Subcloning 
JSA41 ACGCGTCGACCTACTCTGGTGAAAGGGGCTGGGGC Subcloning 
5KO-5'S AATAGACTTTGGGCCTGCGGTGC Probe 
5KO-5'A GCTGTGAGGTTTGCAAGCGTGTGG Probe 
5KO-3'S TGCAGCAATTCATCCTCAACAT Probe 
5KO-3'A CTTTTGCTAGTCAGGGTATTC Probe 
3’ forward TGCAGCAATTCATCCTCAACAT  Probe 
3’reverse CTTTTGCTAGTCAGGGTATTC   Probe 
Table 4.1:  Primers used with mouse Tssk4 
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Primer Sequence Use 
JS-S1 CTCTCAGCAAGCCCAACAC   Cloning 
JS-A1 CTCAGCCATTTTCAGGTCG Cloning 
JS-S2 CAGGTAATGAAAGTCTTGCGG Cloning 
JS-A2 CCGCAAGACTTTCATTACCTG Cloning 
JS-S3 CAGCTAACCATACCATCTCCC Cloning 
JS-A3 CTGGGAGATGGTATGGTTAGC Cloning 
JS-S04 GGTGGAATTCTAATGGGGAAGGGAGAT Subcloning 
JS-A04 ATTAAGCTTTCAGGTCGTAATTTGCAA Subcloning 
JS-A06 ATGATGATGATGATGATGGGTCGTAAT Subcloning 
JS-A10 ATTAAGCTTCTAGAGCAGGGGAGAGAG Subcloning 
JS-A11 ATGATGATGATGATGATGGAGCAGGGG Subcloning 
Table 4.2: Primers used with human TSSK4 
 
 
 
 133 
 Figure 4.8:  Tssk4 is present in mature mouse sperm 
An anti-Tssk4 antibody was raised in rabbits against the C terminus peptide of 
Tssk4 and Tssk4b (YQPTSSAKRHQSLEITT).  A) Western blot analysis of mature 
mouse sperm with anti-Tssk4 antibody reveals two specific bands in SDS extracts 
separated by SDS-PAGE and transferred to PVDF membranes.  The specific bands 
disappear when the membrane is probed with anti-Tssk4 pre-incubated with excess of the 
antigenic peptide. B) Immunofluorescent microscopy analysis of fixed and permeabilized 
mature mouse sperm with anti-Tssk4 antibody reveals the presence if the protein in the 
principal piece of the flagellum.  The signal disappears when the antibody is pre-
incubated with excess of the antigenic peptide indicating that the signal observed in the 
flagellum is specific for Tssk4. 
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 Figure 4.9:  Southern blot screening for Tssk4 targeted deletion in ES cells 
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A construct for targeted deletion of Tssk4 consisting of a Lox-P flanked 
Neomycin resistance cassette replacing all four exons of Tssk4 with 4.5 Kb 5’ and 3’ 
arms was linearized and electroporated into ES cells.  Individual clones were selected and 
grown on 96 well plates. Genomic DNA was obtained by lysis in a Sacrosyl-Proteinase K 
buffer overnight at 60˚C and ethanol precipitated.  The DNA was digested with EcoRI 
overnight at 37˚C and separated for 8 hours in 0.7% agarose gels at 80V.  The DNA was 
then transferred to positively charged nylon membranes by the alkaline transfer method 
and crosslinked with Stratalinker®.  The membranes were then pre-hybridized for 4 
hours and probed with a 32P dsDNA probe overnight at 60˚C with rotation.  After 
washing the membranes were exposed to phosphoreactive plates and read with a 
phosphoimager. EcoRI digestion should yield a 7.7Kb fragment in WT cells and a 4.2Kb 
fragment in targeted cells.  No clones showed targeted deletion.  
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CHAPTER 5 
DISCUSSION 
The family of testis specific serine/threonine protein kinases known as Testis 
Specific Serine Kinase (Tssk) constitutes a group of proteins that present a remarkable 
level of homology not only between paralogs but also across species. Furthermore, these 
proteins present a very restricted pattern of expression that is either testis or male-gonadal 
specific across the board.  Functional and biochemical characterization of these kinases 
has come slowly due in part to the difficulties arising from the lack of appropriate tools, 
the novelty of the signaling pathway and the inherent complexity of the system that does 
not permit direct genetic manipulation.  Nevertheless, the work here presented constitutes 
a great advance on our understanding not only of the specific kinases studied but also in 
our general knowledge in reproductive biology and developmental biology.  The results 
from this work shed light in processes in the sperm as varied as the dynamic character of 
the actin cytoskeleton, the molecular basis of gamete fusion and the regulation of protein 
activity solely by post-translational modifications in a cell type whose genome is 
silenced.   
This work attempted a biochemical characterization of Tssk6, a member of the 
murine Tssk family.  Although some of our approaches yielded only negative results, the 
information that can be gathered from them is informative in regard to new approaches to 
take as well as in possible implications and explanations for the failure to bring positive 
results.  We identified for the firs time the pattern of Tssk6 protein localization during the 
process of spermatogenesis and distinguished differences in the solubility of the protein 
between the testicular form and the mature sperm from of the protein.  This difference in 
 137 
solubility is accompanied by differences in the state of phosphorylation of the protein. 
Additionally the insolubility of the protein from mature sperm and other cell types were it 
was transiently introduced might implicate the formation of protein complexes that could 
serve to anchor the kinase activity, regulating it and maybe facilitating the interaction 
with substrates.  It was also determined that Tssk6 localizes to a region on the sperm that 
is rich in filamentous actin yet the insolubility of the protein does not seem to be affected 
by the actin cytoskeleton implicating a transient interaction if any direct interaction at all.  
This also seemed to be the case in other cell types transiently expressing the protein.  
Although the protein could be produced in and purified from bacteria, the lack of activity 
observed could implicate again the need of a macro-molecular complex whose 
components are not present in prokaryotes.   
The approach taken with the kinase activity assays for Tssk6 yielded inconclusive 
results due to the lack of specific activity observed or a low signal to noise ratio making 
the analysis impractical and inconclusive.  The inconclusive nature of these assays can 
also be attributed to either the presence of bound inhibitory proteins, the lack of 
activation proteins or protein complexes, the lack of the appropriate substrate or a 
combination of these reasons.  The quantitative analysis of the Tssk6 kinase activity also 
presented a very low signal to noise ratio, low enough that the results obtained are 
inconclusive.  These assays, however are suggestive of novel structural features that 
include a dual specificity activity and/or a differential sites for the binding of Mn-ATP 
and Mg-ATP.  This is an interesting observation and might not be exclusive of Tssk6 
since its close relative Tssk3 also seems atypical in the preference of divalent cation. 
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The Tssk6 null mouse was analyzed to understand the causes of the male 
infertility phenotype that it presents.  A variety of defects were observed and although 
individual deficiencies could account for the infertile phenotype, the compounded effect 
of all the observed defects results helpful when trying to understand novel signaling 
pathways. Defects in the sperm number, morphology and motility of the tssk6 null mouse 
sperm were detected.  The percentile of viability and spontaneous acrosome reaction 
however remained unaffected.  The sperm presented basal levels of protein tyrosine 
phosphorylation higher than wildtype mice and also presented novel and unidentified 
tyrosine phosphorylated proteins that are normally absent in the wildtype samples.  These 
observations could imply the necessity of Tssk6 for either the activation of a tyrosine 
phosphatase or the de-activation and activity regulation of a tyrosine kinase.  Sperm from 
Tssk6 null mice could not fertilize eggs in vitro even in facilitated conditions where the 
zona pellucida of the eggs was removed.  The sperm was shown to possess egg activating 
activity through the monitoring of [Ca2+]i transients after intra-cytoplasmic sperm 
injection.  A possible explanation of the inability to fertilize eggs can be the motility 
defects observed.  In addition, the sperm from the mutant mice was unable to fuse to the 
egg.  This observation is highly significant since Tssk6 is only the second protein 
identified through genetic deletion as to being necessary in the sperm for gamete fusion.  
The other protein identified is termed Izumo and some basic biochemical characteristics 
were analyzed in to determine possible interactions with Tssk6.  Izumo, however, is a 
transmembrane protein that is expressed very early during spermatogenesis and upon 
sperm head condensation localizes to a region in the head opposite of that of Tssk6.  
Unlike Tssk6, Izumo is soluble in Triton-X100 at room temperature and separates to light 
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buoyant fractions of 4˚C Triton-X100 insoluble proteins (lipid rafts).   The presence 
abundance and initial localization of Izumo in Tssk6 null sperm was unaffected.  Izumo 
relocalization after acrosome reaction as an active transport process dependent on actin 
dynamics was described here for the firs time.  Mice lacking Tssk6 lack f-actin in the 
posterior heads and are incapable to relocate Izumo.  This observation could account for 
the lack of gamete fusion when sperm from Tssk6 null mice was used.   
The observations of the importance of the actin dynamics in the relocalization of 
sperm proteins and its potential role in gamete fusion led to the analysis of a testis 
specific isoforms of the actin capping protein Capza3.  After the validation of a 
polyclonal antibody, the localization of the protein was determined.  Interestingly, the 
localization pattern was quite dynamic and presented various distinct patterns.  These 
patterns of localization were correlated with different states of the sperm depending on 
the state of capacitation and acrosome reaction. Capza3 failed to move in a coordinated 
fashion with Izumo and preceded it in its relocalization towards the posterior head.  
Analysis with the inhibitor of actin polymerization latrunculin A failed to disrupt the 
relocalization indicating that the movement is actin independent.  As further evidence, 
Sperm from Tssk6 null mice that lack f-actin in the posterior head and fail to relocate 
Izumo presented the same dynamic pattern of localization of Capza3 as the wildtype 
sperm. 
Tools were generated and validated to analyze other members of the Tssk family 
of proteins.  A polyclonal anti-pan Tssk antibody was generated and used to identify 
members of the Tssk family in mice by one and two-dimensional electrophoresis and by 
immunocytochemistry.  The same tool was used to identify an ortholog in D. 
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melanogaster.  Other orthologs were identified in D. melanogaster and C. elegans and a 
strain of C. elegans with a mutant allele for a gene ortholog to the human and murine 
Tssk family was obtained and superficially analyzed.  Although no phenotype was 
observed questions regarding the possible compensation by other protein kinases and the 
differences in reproductive strategies between mammals and this nematode will need to 
be answered before any significant conclusion can be made.  A novel gene member of the 
human and murine families of Tssk proteins was first identified through bioinformatic 
techniques.  The novel gene (Tssk4) was confirmed to be also of testis specific 
expression and cloned. It presented three alternatively spliced messages not all encoding 
for functional kinases due to insertions in the catalytic subdomains and truncations. A 
new tool was generated in the form of an anti-Tssk4 antibody.  The antibody recognized 
at least one specific band by western blot and immunolocalization assays placed the 
protein product of the Tssk4 gene in the flagellum of the spermatozoon.  Attempts to 
generate a targeted deletion of Tssk4 in mice were unsuccessful. 
These results combined represent an important advance in the study of the Tssk 
family of protein kinases.  The implications of some of these results however are far more 
reaching than the simple study of this testis specific family of protein kinases.  
Implications of this work could influence those studying Tssk family kinases and those 
studying possible targets for contraceptive agents.  Important contributions are made to 
the reproductive biology community and those studying gamete fusion.  Finally part of 
this work could influence the developmental biology community in particular those 
studying evolutionary developmental biology. 
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5.1.  Implications of this work in the fields of Tssk and contraception 
The attempts to biochemically characterize Tssk6 presented here constitute an 
important step towards our understanding of the Tssk family as a whole.  Although the 
results were less ideal than initially hoped for, the impossibility of solubilized Tkks6 in 
native form and the difficulties in detecting kinase activity above background could 
imply the necessity of co-factors conforming a macromolecular complex.  These findings 
are important because they change our view of the system transforming it from a 
simplistic, linear signaling pathway to an interconnected one where multiple factor play a 
role in the final outcome.  This also could explain the fact that although so highly 
homologous, no other Tssk family member is capable of compensating for the Tssk6 
activity in null mice rendering the males infertile.  This is a very important finding in 
particular for those designing strategies for male contraception.  The possibility of 
pharmacologically inhibit Tssk6 and not being compensated by other proteins defines a 
strategy in which a single very specific inhibitor can be used minimizing off-target 
effects and thus reducing the range of possible side effects.  Our findings about the failure 
to polymerize actin in the posterior head of sperm from Tssk6 null mice indicate a direct 
or indirect effect on actin dynamics as a new area of study with potential to unravel 
signaling pathways in which Tssk family members might be involved.   
The novel Tssk4 and its splicing variants also constitute fertile ground for the 
Tssk community of scientists.  Tssk4 requires to be characterized and the possibility of a 
regulatory mechanism consisting of kinase inactive splicing variants is a novel idea that 
needs to be analyzed and could contribute to the better understanding of this rich family 
of protein kinases. 
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5.2.  Implications in reproductive biology and gamete fusion 
Novel models emerged from the analysis of the data that resulted from the present 
work.  These new models could provide new routes of research in reproductive biology 
and gamete fusion.  The description of the relocalization of Izumo and the participation 
of the actin cytoskeleton bring new perspective to the field introducing the association of 
actin and Izumo.  This is significant because Izumo lacks fusogenic activity and the 
association with actin permits not only a wider scaffolding platform but also a rigid 
structure that is capable of transmitting force and transforming it in mechanical work. 
Defining discrete events during the acrosome reaction separating the exocytotic 
events from others that include Izumo relocalization but that will likely include novel 
signaling pathways constitutes a radical change in the way of understanding the events 
taking place during this process.  The current accepted model sees the acrosome reaction 
as a single event characterized by the snare mediated fusion of the inner acrosomal 
membrane and the plasma membrane with the subsequent release of the acrosomal 
content.  The work presented here separates the events taking place during the acrosome 
reaction by allowing the exocytotic process to take place but inhibiting the relocalization 
of proteins like Izumo.   
Another important finding is the temporal separation of events during acrosome 
reaction defining an initial moment when the exocytotic process begins and a later 
instance when protein relocalization takes place.  The relocalization of Capza3 could be 
used as a marker of these discrete time points due to its consistent pattern of localization.  
One common problem when studying any process in sperm is the heterogeneity of the 
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population.  Identification of makers of populations in different states could aid in 
eliminating noise and eliminating the “averaging effect” by allowing the identification 
and study of homogeneous populations at discrete intervals. 
 
5.3.  Wider implications in developmental biology 
Evolutionary developmental biology constitutes today a big focus of research 
within the developmental biology community.  The Tssk family of kinases present an 
interesting target for this research not only because of the high level of conservation but 
also because of its involvement in reproduction and thus its potential role in speciation. 
One important focus of evolutionary developmental biologists is the finding of common 
ancestors and the understanding of the amazing diversity across genus and kingdoms.  
The possible implications of testis specific proteins important for reproduction thus could 
constitute a very good candidate for those studies.  The presence of Tssk homologs in 
such a large variety of organisms ranging from nematodes to humans also brings the 
possibility of studying the function, activity and regulation of these kinases in organisms 
with genetic tools already available and generation times shorter than those of the mouse.  
As reproductive biologists are mouse and human centric, research in novel proteins and 
signaling pathways results slow and arduous.  Reaching across to study these novel 
proteins and signaling pathways in other organisms could improve our understanding 
accelerate the research in this field.  
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Introduction
Spermatogenesis in the testis is responsible for the production of
functional spermatozoa; this process is divided into three stages.
Initially, spermatogenesis involves a proliferative phase in which
spermatogonia undergo mitotic divisions and generate
spermatocytes; second, the meiotic phase is responsible for
generating haploid spermatids; finally, the postmeiotic phase,
known as spermiogenesis, is characterized by a profound
morphological differentiation that starts in the haploid spermatid
and culminates in morphologically mature sperm. Spermiogenesis
includes the formation of the acrosome, condensation and
reorganization of the chromatin, elongation and species-specific
reshaping of the cell, and the assembly of the flagellum (Sharpe,
1994). Although the molecular mechanisms regulating these events
are poorly understood, it is known that, during spermiogenesis, there
are significant changes in both transcription (Hecht, 1988) and
translation (Hake et al., 1990). Some of the proteins translated in
the haploid spermatid will remain in the morphologically mature
sperm after it leaves the testis. Therefore, proteins that are
synthesized during spermiogenesis might be necessary for spermatid
differentiation and/or for sperm function during fertilization.
Given the importance of phosphorylation events in the regulation
of cellular signaling processes and differentiation, it is not surprising
that several protein kinases have been shown to be involved in
spermatogenesis (Sassone-Corsi, 1997). Some of them are
exclusively expressed in germ cells or in the testis (Jinno et al.,
1993; Walden and Cowan, 1993; Nayak et al., 1998; Toshima et
al., 1998; Tseng et al., 1998; Shalom and Don, 1999; Toshima et
al., 1999). Among them, the testis-specific serine kinase (Tssk) gene
family is postmeiotically expressed in male germ cells (Bielke et
al., 1994; Kueng et al., 1997; Visconti et al., 2001). The conserved
testicular expression pattern of Tssk genes as well as the importance
of phosphorylation in signaling processes strongly suggest that
kinases of the Tssk family have a role(s) in germ-cell differentiation
and/or sperm function. The importance of Tssk(s) has been recently
demonstrated by phenotypic analysis of Tssk6 (also known as Sstk)
knock-out (KO) mice (Mus musculus) (Spiridonov et al., 2005).
Male, but not female, Tssk6-null mice are infertile without exhibiting
somatic abnormalities. In addition, recently, two groups reported
the phenotype of the Tssk1 and Tssk2 double KO. Although one
group reported lack of founders due to haploinsufficiency (Xu et
al., 2008), the second group was able to obtain Tssk1- and Tssk2-
null mice, and showed that these mice were sterile and no other
defects were observed (Shang et al., 2007). Taken together, these
reports suggest that, similar to Tssk6, Tssk1 and/or Tssk2 are
essential for spermiogenesis and/or sperm function.
Tssk6-null mice have a percentage of sperm that are
morphologically normal and are able to move progressively.. When
in vitro fertilization (IVF) experiments were conducted, none of
the eggs were fertilized yet intra-cytoplasmic sperm injection
(ICSI) bypassed this defect. When IVF experiments were conducted
using eggs in which the zonae pellucidae (ZP) were removed, they
were incapable of fertilization owing to lack of sperm-egg fusion.
At present, Izumo is the only sperm protein that has been
conclusively demonstrated, using genetic approaches, to be
necessary for sperm-egg fusion. Antibodies directed against Izumo
were used to further explore the Tssk6-null sperm phenotype. In
wild-type (WT) sperm, after the acrosome reaction takes place,
Izumo changes the immunofluorescence pattern and distributes to
the postacrosomal region; this change was not observed in Tssk6-
One of the most important processes in fertilization is the fusion
of egg and sperm; however, the molecular mechanisms involved
in this process are not well understood. So far, using genetic
approaches, only two proteins have been demonstrated to be
necessary for this process: Izumo in sperm and CD9 in the egg.
Here we demonstrate that sperm produced by Tssk6 (Sstk)-null
mice present defects that prevent the successful fertilization of
eggs in vitro and the fusion to zona-pellucida-free eggs. Tssk6
is a member of the testis-specific serine kinase family of proteins
and is expressed postmeiotically in male germ cells. In order
for fusion to occur, during the process known as acrosome
reaction Izumo needs to relocate from the anterior head to other
regions, including the postacrosomal compartment. Tssk6-null
sperm fails to relocate Izumo during the acrosome reaction.
Agents that interfere with actin dynamics blocked the acrosome-
reaction-associated translocation of Izumo that is required for
fusion in wild-type sperm. Additionally, actin polymerization
was compromised in Tssk6-null sperm. Taken together, our
results indicate that Tssk6 is involved in sperm-egg fusion
through the regulation of actin polymerization and changes in
Izumo localization.
Key words: Tssk6 (Sstk), Gamete fusion, Izumo, Fertilization,
Acrosome reaction
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null sperm. Additionally, Tssk6-null mice presented defects in actin
polymerization as observed using fluorescent phalloidin staining.
Altogether, these data indicate that Tssk6 plays a role in the changes
of Izumo localization and that these changes are essential for gamete
fusion.
Results
Tssk6-null sperm presents morphological defects
We have recently shown that human and mouse Tssk6 exhibits a
very restricted testicular mRNA expression pattern (Hao et al., 2004;
Spiridonov et al., 2005). The infertile phenotype of the Tssk6 null
raised the issue of whether sperm lacking Tssk6 would present
morphological defects. To analyze this possibility, cauda epididymal
sperm from WT and Tssk6-null mice were compared using
differential interference contrast (DIC) microscopy. The overall head
morphology of Tssk6-null sperm did not differ from WT sperm.
However, four other major morphological defects were found (Fig.
1). The first characteristic defect was a large number (37.5±4.8%)
of detached heads (Fig. 1, Heads). Because a comparable number
of detached tails could be found and many of these were still motile
in fresh preparations, this defect appeared to be due to breakage of
the connection between heads and tails. A second defect, an
improper orientation of heads facing backwards that was observed
in 30.8±3.0% of the sperm (Fig. 1, Neck), also indicated a defect
in the connection between heads and tails. Third, 11.3±2.5% of
the spermatozoa presented a hairpin at the level of the annulum
(Fig. 1, Hairpin), and 6.8±1.0% presented a combined annular
hairpin and the heads-facing-backwards morphology (Fig. 1,
Hairpin+Neck). The remainder (12.5±2.4%) of the sperm presented
normal morphology.
Tssk6-null sperm are incapable of fertilization
Although only about a tenth of the Tssk6-null sperm population
presented normal morphology, such a number of normal sperm
should be sufficient under optimal conditions to fertilize eggs in
vitro. To test this possibility, IVF experiments were conducted. WT
or Tssk6-null sperm were incubated with WT eggs and the efficiency
of fertilization was analyzed by counting the percentage of eggs
depicting pronuclear formation. In the case of WT sperm, the in
vitro fertilization assay was conducted using 2105 sperm per
fertilization drop. Under these conditions, 88% of the eggs were
fertilized. When Tssk6-null sperm were analyzed, no fertilization
was observed even when 2106 sperm per drop were used to allow
over 2105 morphologically normal sperm to be present in the
fertilization assay (Fig. 2, IVF). By contrast, when egg activation
was assessed after ICSI, in which one spermatozoon is physically
injected into the eggs cytoplasm, there was no detectable difference
between the sperm coming from the mutant mice in comparison
with the WT controls. Egg activation was confirmed by measuring
the fertilization-induced Ca2+ oscillations (Fig. 2, ICSI). These
experiments indicate that Tssk6-null sperm are not capable to
fertilize, despite the presence of a sufficient number of
morphologically normal sperm.
Tssk6 is required for gamete fusion
After penetration of ZP, the sperm adheres to the plasma membrane
of the egg and fuses with it (Wortzman et al., 2006). When IVF
experiments in which the ZP of the eggs were removed, it was
noticed that Tssk6-null sperm were still unable to fertilize the egg
(Fig. 2, IVF-zona free). To test whether this failure was due to an
inability to fuse, ZP-free eggs were loaded with Hoechst 33342
prior to co-incubation with sperm, as described in the Materials and
Methods. In this assay, sperm DNA would be labeled only if the
sperm are fused to the egg plasma membrane. As expected, WT
sperm fused to the eggs in less than 20 minutes (Fig. 3, WT). By
contrast, Tssk6-null sperm failed to fuse even after 2 hours of
incubation under identical conditions and with a similar number of
sperm attached to the membrane, as judged by DIC imaging (Fig.
3, KO). Sperm from Tssk6-null mice were capable of undergoing
spontaneous acrosome reaction similar to WT sperm (27±2% and
26±3%, respectively); therefore, the lack of fusion cannot be
explained by the absence of acrosome-reacted sperm in the
fertilization droplet.
Izumo fails to relocate after the acrosome reaction in the
absence of Tssk6
The molecular basis of sperm-egg interaction is not well understood
(Primakoff and Myles, 2007). So far, only two molecules have been
shown conclusively, using genetic approaches, to be necessary for
sperm-egg fusion: the tetraspanin CD9 in the egg (Le Naour et al.,
2000) and the immunoglobulin-loop-containing transmembrane
protein Izumo in the sperm (Inoue et al., 2005). Taking into
consideration that Izumo is the only characterized sperm protein
Journal of Cell Science 122 (15)
Fig. 1. Tssk6-null sperm have morphological defects. (A) DIC-microscopy
images of Tssk6-null cauda epididymal sperm. The images show
morphological defects that include neck defects that cause sperm heads to
point in the wrong direction (Neck), detached heads (Heads), annular hairpins
(Hairpin) and a combination of reversed heads and hairpins (Hairpin+Neck).
A total of 13% of the sperm have normal morphology (Normal).
(B) Quantification of morphological anomalies of Tssk6-null mice sperm.
(C) Quantification of control WT sperm morphology, expressed as percentage
of the average ± s.d. (200 sperm were counted per experiment; n=6).
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necessary for gamete fusion, its presence in the fusion-deficient
Tssk6-null sperm was investigated. Western blot analysis of cauda
epididymal sperm from Tssk6-null mice showed no difference in
Izumo protein levels when compared to WT mice (Fig. 4A). This
experiment indicated that the inability of Tssk6-null sperm to fuse
is not due to defects in the expression level of Izumo protein. Anti-
Izumo antibodies were then used to localize Izumo in the sperm in
conjunction with the peanut lectin PNA, which, in the mouse, stains
acrosomal glycoproteins. In intact WT sperm, Izumo was restricted
to the dorsal portion of the anterior head (Fig. 4B, panels I to III).
After induction of the acrosome reaction with Ca2+ ionophore
(A23187), Izumo distributed to a new region opposite to the anterior
acrosome including part of the postacrosomal region (Fig. 4B, panels
IV to VI). In Tssk6-null mice, similarly to WT, intact sperm also
depicted an anterior acrosomal localization of Izumo (Fig. 4B,
panels VII to IX). However, contrary to WT sperm, the change in
the Izumo staining pattern after the acrosome reaction did not occur
in Tssk6-null sperm and Izumo remained in the anterior sperm head
(Fig. 4B, panels X to XII). This was not due to a failure of the
acrosome reaction because both WT and KO sperm showed the
typical loss of PNA staining (Fig. 4B, panels V and XI).
Quantification of these results indicate that the change of localization
of Izumo occurred in almost all (98.8±1.0%) the acrosome-reacted
WT sperm, but essentially did not occur (2.5±1.7%) in Tssk6-null
acrosome-reacted sperm (Fig. 4C). Similar values were obtained
for spontaneously acrosome-reacted WT and Tssk6-null sperm (data
not shown).
Tssk6 localizes to the sperm head
To investigate Tssk6 protein expression in sperm, a monoclonal
antibody (mAb) against this molecule was used. Western blotting
analysis of cauda epididymal sperm indicated that Tssk6 is maintained
throughout sperm maturation and is present in mature sperm (Fig.
5A, lane WT). As a control for the specificity of the anti-Tssk6 mAb,
samples from Tssk6-null sperm were also prepared and run in parallel.
No signal was detected with this sample (Fig. 5A, lane KO). An
Fig. 2. Tssk6 is required for fertilization but not for egg activation. Sperm were
obtained from either WT or Tssk6-null mice and used for in vitro fertilization
assays as described in the Materials and Methods. (A) Representative images
showing WT eggs with (IVF) or without zona pellucida (IVF-Zona Free) after
4 hours of IVF. Note the formation of the two pronuclei in the eggs fertilized
with WT sperm (arrows) and the absence of fertilization in the eggs that were
exposed to Tssk6-null sperm (KO). The lower panels (ICSI) depict
characteristic intracellular Ca2+ transients, indicating equivalent egg activation
in the eggs injected with the WT and Tssk6-null sperm. (B) Quantification of
the experimental data from A. The data represent a combination of at least four
independent experiments and are presented as a percentage of the total eggs
used. The total number of eggs used is indicated atop each column.
Fig. 3. Tssk6-null sperm cannot fuse with eggs. Eggs devoid of zona pellucida
were loaded with the DNA stain Hoechst 33342 prior to IVF as described in
the Materials and Methods. Fusion was assessed by transference of fluorescent
Hoechst 33342 from the egg to the fused sperm and observed under DIC and
epifluorescence microscopy at 20 and 120 minutes. (A) WT sperm fused to the
eggs were stained with Hoechst 33342 after 20 minutes of incubation (WT).
Tssk6-null sperm were not stained after 120 minutes incubation, indicating that
fusion did not occur (KO). Note that the unfertilized eggs that did not undergo
fusion maintain their chromatin aligned at metaphase II as seen in the positive
staining (KO). (B) Quantification of the experiments was performed as in Fig.
2. The data represent a combination of four independent experiments and are
presented as a percentage of the total eggs used.
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epifluorescence microscopy study of WT sperm using the anti-Tssk6
mAb revealed a distribution pattern that included the posterior head
and the perforatorium (Fig. 5B). As a control for the specificity of
the mAb, identical analysis was done with Tssk6-null sperm and, as
expected, no signal was detected (Fig. 5C).
Deficient actin polymerization in Tssk6-null sperm
Changes in the immunofluorescence pattern of sperm surface
proteins during capacitation and acrosome reaction have been
described previously (Miranda et al., 2009; Saxena et al., 1986;
Primakoff and Myles, 2007; Selvaraj et al., 2007). It has been shown
that changes in protein localization are at least in part due to actin-
cytoskeleton dynamics (Saxena et al., 1986; Hernandez-Gonzalez
et al., 2000). Because of the failure of Izumo to relocate following
the acrosome reaction and the defects observed in the head-tail
connection in Tssk6-null sperm, the distribution of the actin
cytoskeleton in WT and Tssk6-null sperm was investigated.
Fluorescent phalloidin was used to localize polymerized actin in
capacitated sperm. As previously observed by other authors
(Dvorakova et al., 2005; Etkovitz et al., 2007), polymerized actin
was observed in the mid-piece and in a region that includes the
posterior head and perforatorium of WT sperm (Fig. 5E).
Interestingly, the localization of polymerized actin in the head is
analogous to the one observed for Tssk6 (Fig. 5B). Furthermore,
when phalloidin was used in Tssk6-null sperm, no signal for
polymerized actin was observed in the head (Fig. 5F). Nevertheless,
western blot analysis indicates that the total level of actin is
comparable between WT and Tssk6-null sperm (Fig. 5D)
To investigate whether the failure of Izumo to relocate after the
acrosome reaction in Tssk6-null sperm was related to the absence
of polymerized actin in the sperm head, inhibitors of actin dynamics
were used. Latrunculin A, an inhibitor of actin polymerization,
caused a significant reduction in the redistribution of Izumo in
acrosome-reacted sperm (Fig. 6). As a complementary assay, the
myosin-II inhibitor blebbistatin and the myosin-light-chain-kinase
inhibitor ML-7 were also used, with similar results (Fig. 6B). The
PKA inhibitor H89 was used as a negative control; this inhibitor
did not affect the acrosome-reaction-associated changes in Izumo
localization (Fig. 6B).
Discussion
The function of the Tssk kinase family is largely unknown.
However, because members of this family are expressed
postmeiotically during spermiogenesis, it is hypothesized that they
play a role in germ-cell differentiation and/or sperm function. The
focus of this study was to further analyze the male-infertility
phenotype of Tssk6-null mice. Tssk6 was originally discovered using
bioinformatic approaches and different names were given; among
them, Tssk4 (Hao et al., 2004) and Sstk (Spiridonov et al., 2005).
In mouse and human tissues, Tssk6 is almost exclusively expressed
Journal of Cell Science 122 (15)
Fig. 4. Izumo fails to relocate after the acrosome reaction in the absence of Tssk6. (A) Cauda epididymal sperm of WT and Tssk6-null (KO) mice was obtained as
in the Materials and Methods, and total extracts were analyzed by western blot with anti-Izumo antibodies. The lower panel shows the same membrane re-probed
with anti-tubulin mAb as a loading control. (B) Epifluorescence localization analysis of Izumo in WT sperm and Tssk6-null sperm (KO) in either intact sperm (No
AR) or after Ca2+-ionophore-induced acrosome reaction (AR). Note that the PNA staining is lost in acrosome-reacted sperm of both WT and Tssk6-null mice.
(C) The percentage of sperm presenting posterior head Izumo staining before (No AR) and after (AR) the acrosome reaction. Results represent the mean ± s.d. of
four independent experiments in which 200 sperm were counted per condition (***P<0.005).
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in the testis. Previously, it was demonstrated that Tssk6 interacts
with Hsp90-1b, Hsc70 and Hsp70 proteins; this kinase is able to
phosphorylate histones H1, H2A, H2AX and H3 but not H2B, H4
or transition protein 1 in vitro (Spiridonov et al., 2005). These results
suggest that Tssk6 might have a role in the regulation of postmeiotic
chromatin remodeling. Although a fraction of the Tssk6-null sperm
population presents a normal morphology and is motile, Tssk6-null
male mice are infertile (Spiridonov et al., 2005).
In the present work, we investigated whether sperm lacking Tssk6
are able to fertilize metaphase-II-arrested eggs in vitro. The central
observations of this study are that: (1) a significant number of the
Tssk6-null sperm present defects in the connection between the head
and the flagellum; (2) Tssk6-null sperm are incapable of fusing with
eggs; (3) Izumo, a protein known to be necessary for sperm-egg
fusion, does not change its localization pattern in Tssk6-null sperm
after the acrosome reaction; (4) in WT sperm, Tssk6 localizes to
the posterior head, a region in the sperm enriched with polymerized
actin; (5) actin polymerization is compromised in Tssk6-null sperm;
and (6) inhibitors of actin dynamics abrogate significantly the
acrosome-reaction-associated changes in Izumo localization. Taken
together, these data indicate that Tssk6 is needed to maintain the
sperm structural integrity and suggest that this kinase plays a role
in the regulation of actin dynamics. In addition, these data indicate
that Tssk6 is involved, either directly or indirectly, in the
redistribution of Izumo after the acrosome reaction and that this
relocalization might be required for sperm-egg fusion.
The sperm acrosome is a secretory vesicle containing a number
of hydrolytic enzymes that help the sperm penetrate the coat of
eggs. In response to either physiological or pharmacological stimuli,
the sperm undergo a process known as the acrosome reaction, which
involves an exocytotic event in which lytic enzymes are released
from the acrosome upon binding with the extracellular matrix of
Fig. 5. Tssk6 and F-actin localize to the posterior head and perforatorium of WT sperm. (A) Cauda epididymal sperm proteins from either WT or Tssk6-null (KO)
mice were extracted, separated by polyacrylamide gel electrophoresis, transferred to PVDF and analyzed by western blot with anti-Tssk6 mAb. The signal was
observed by incubation with horseradish-peroxidase-labeled anti-mouse IgG antibodies and chemiluminescence reaction. The same membranes were then probed
with anti-tubulin antibodies as loading controls (lower panel). (B,C) Sperm from either WT (B) or Tssk6-null (C) mice were fixed and stained with anti-Tssk6 mAbs
as described in the Materials and Methods. (D) Western blot reveals comparable levels of total actin of WT and KO sperm. (E,F) Epifluorescence localization of
polymerized actin as stained with fluorescently labeled phalloidin in either WT (E) or knock-out (F) sperm incubated for 1 hour in media that support capacitation.
In all cases, bottom panels show the overlay with a DIC image for orientation reference. Experiments were repeated at least three times; representative images are
shown.
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an egg (De Blas et al., 2005; Mayorga et al., 2007). Successful
completion of the acrosome reaction is an absolute prerequisite for
fertilization.
Despite the importance of sperm-egg fusion, little is known about
the molecular basis of this event. From the sperm side, the only
protein conclusively demonstrated to be necessary in sperm-egg
fusion is Izumo, a sperm-specific member of the immunoglobulin
superfamily. Using a knockout approach, Inoue et al. showed that
females lacking this protein were fertile; by contrast, Izumo-
deficient males were sterile (Inoue et al., 2005). Sperm from Izumo-
null mice did not seem to have defects in motility or morphology;
however, these sperm were not able to fuse with the egg.
Immunofluorescence analyses revealed that Izumo localization was
restricted to the dorsal portion of the sperm acrosome in intact sperm.
However, the sperm region involved in fusion is not the region at
which Izumo is found before the acrosomal exocytosis. Although
the exact sperm fusogenic region is not fully established,
immunoelectromicroscopy experiments strongly suggest that sperm
fuses to the egg through a region overlapping either the equatorial
segment or the postacrosomal region depending on the species under
study (Yanagimachi, 1994).
After the acrosome reaction, Izumo spreads, entering the post-
acrosomal compartment, and permeates the borders of different
domains, including a section opposite to the anterior acrosome
previously referred as para-acrosomal (Yanagimachi, 1994).
Different Izumo staining patterns have been previously observed
(Okabe et al., 1987; Inoue et al., 2005) but their connection with
antigen relocation caused by the acrosome reaction have not been
analyzed in detail. In contrast to Izumo, other proteins reported to
change the immunofluorescence pattern after the acrosome reaction
seemed to relocalize to the equatorial segment and were not able
to pass the post-acrosomal boundary (Myles and Primakoff, 1984;
Rochwerger and Cuasnicu, 1992). The differential behavior of
proteins during the acrosome reaction suggests that the acrosome-
reaction-associated changes in protein redistribution might be an
actively regulated process independent of exocytosis.
Although the actin cytoskeleton is widely believed to play an
important role in intracellular protein transport, its role in the sperm
physiology is poorly understood. The findings presented here
indicate that: (1) contrary to WT, Tssk6-null sperm lack phalloidin
staining in the head; and (2) Izumo in these sperm failed to appear
in the postacrosomal region. These results argue that actin dynamics
might be involved in the regulation of Izumo movements during
the acrosome reaction. Consistent with this hypothesis is the
intricate polymerization and depolymerization movements that
have been described in the head of sperm during capacitation and
the acrosome reaction (Brener et al., 2003; Dvorakova et al., 2005).
In this respect, experimental evidence from different laboratories
indicates that actin polymerization occurs during capacitation of
boar (Sus scrofa), guinea pig (Cavia cobaya) (Castellani-Ceresa et
al., 1993; Cabello-Agueros et al., 2003), mouse, human, bovine (Bos
taurus) and ram (Ovis aries) sperm (Brener et al., 2003). These
findings are in agreement with results presented here, in which the
use of inhibitors of actin dynamics significantly prevented the
acrosome-reaction-related changes in Izumo relocalization.
Tssk6-null spermatozoa might prove to be a good model to study
the molecular basis of the acrosome reaction. In addition to
exocytosis, it is well established that many proteins change their
immunofluorescence pattern during the acrosome reaction (Saxena
et al., 1986; Kawai et al., 1989). Results in the present work indicate
that Tssk6-null sperm are capable of undergoing the acrosome
reaction spontaneously or after treatment with Ca2+ ionophore;
however, antigen relocation (e.g. Izumo) did not occur. The role of
Tssk6 in these events could be due to its activity throughout
spermiogenesis and acrosomal biogenesis or might be related to
phosphorylation events occurring during capacitation and/or the
acrosome reaction. As a working hypothesis, it can be speculated
that the Tssk6-null phenotype underscores a role of Tssk6 in the
regulation of the actin cytoskeleton. First, most sperm from Tssk6-
Journal of Cell Science 122 (15)
Fig. 6. Actin and myosin inhibitors block the relocation of Izumo. (A) Anti-
Izumo fluorescent staining of WT sperm incubated for 1 hour in media that
support capacitation either in the presence or absence of 5 μM latrunculin A.
Izumo immunoreactivity examples of intact sperm (no treatment) and Ca2+-
ionophore-induced acrosome-reacted sperm are shown. (B) WT sperm were
incubated in capacitating medium containing increasing concentrations of
latrunculin A, ML-7, blebbistatin or H89 for 1 hour. Then, 5 μM A23187 was
added and the sperm incubated for 30 additional minutes. The sperm were then
washed, fixed and anti-Izumo immunofluorescence analysis was conducted as
described in the Materials and Methods. Points represent the percentage of
acrosome-reacted sperm presenting posterior head Izumo staining. Results
represent the mean ± s.d. of at least three independent experiments in which
200 sperm were counted per condition.
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null mice present structural defects in regions known to be rich in
polymerized actin, such as the connective piece and the annulum.
Second, in mature sperm, Tssk6 localizes to regions in the head
that also stain for polymerized actin; it is noteworthy that a fraction
of Izumo also localizes to this region after the acrosome reaction.
Third, incubation of WT sperm with latrunculin A (an inhibitor of
actin polymerization), blebbistatin (a myosin-II inhibitor) or ML-
7 (an inhibitor of myosin light chain kinase) significantly reduced
the changes in the immunolocalization pattern of Izumo in
acrosome-reacted sperm. As part of this working model, we
hypothesize that Tssk6-dependent changes in Izumo localization are
essential for the ability of Izumo to regulate sperm-egg fusion.
It is important to stress that protein kinases have become major
targets for the development of novel drugs. The observation that
Tssk6-null mice are sterile and that Tssk6 is essential for fertilization
and gamete fusion highlight the potential use of this kinase as a
target for male contraception. Identification of Tssk6-specific
inhibitors will be essential to further the understanding of the role
of this kinase in reproduction.
Finally, the observations generated by this study demonstrate that,
although the acrosome-reaction-associated exocytotic event was
unaffected in Tssk6-null sperm, the relocalization of Izumo that
normally occurs at this time failed to take place. This finding
indicates that, although the initial signaling for both processes
involved similar transduction molecules (e.g. Ca2+), the exocytosis
process linked with the acrosome reaction can be dissociated from
relocalization of Izumo. This work then begins to shed light on the
complexity of the acrosome reaction, separating different elements
that, because of their simultaneous nature, have been in the past
studied as a single process.
Materials and Methods
Reagents, antibodies and media
Reagents and media were obtained from Sigma-Aldrich (St Louis, MO) unless
otherwise specified. Antibodies against Izumo were donated by Masaru Okabe (Inoue
et al., 2005). Anti-tubulin antibody clone E7 from the Klymkowsky laboratory was
obtained from the Developmental Studies Hybridoma Bank, NICHD, NIH. Mouse
monoclonal antibody against synthetic peptide corresponding to the C-terminal region
(aa 218-273) of mouse Tssk6 was generated and purified with protein G immobilized
on agarose from Pierce (Rockford, IL). Monoclonal antibody against actin clone AC-
40 was purchased from Sigma-Aldrich (St Louis, MO). Alexa-Fluor-555-conjugated
phalloidin and secondary antibodies, Alexa-Fluor-488-conjugated PNA, DAPI and
Hoechst 33324 were obtained from Molecular Probes (Eugene, OR). Horseradish-
peroxidase-conjugated secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA). Ca2+ ionophore A23187, latrunculin
A, blebbistatin, the myosin-light-chain-kinase inhibitor ML-7 and the PKA inhibitor
H89 were obtained from Calbiochem (San Diego, CA).
Animal care and use
All procedures involving animal experimentation were conducted according to
approved research animal protocols allowed by the University of Massachusetts
Institutional Animal Care and Use Committee. CD1 male mice and B6D2F1 female
mice were obtained from Charles River Laboratory, housed and manipulated
according to protocol approved by the University of Massachusetts, Amherst’s
IACUC. Mice null for Tssk6 were bred from an existing colony according to the
protocol approved by IACUC of the US FDA, CDER, and genotyped as previously
published (Spiridonov et al., 2005).
Sperm sample preparation
Sperm samples were obtained in HEPES-buffered Whitten medium without BSA or
NaHCO3 (Whitten and Biggers, 1968) at 37°C from epididymal cauda of Tssk6-null
mice or WT littermate control animals. The caudae were squeezed under dissecting
microscope in the media above to extract as much sperm as possible. The sperm was
left in suspension for 7 minutes before further treatment (Hernandez-Gonzalez et al.,
2006).
Western blots
Samples were re-suspended in non-reducing Laemmli buffer (Laemmli, 1970) and
boiled for 5 minutes. The samples were then centrifuged at 10,000 g for 5 minutes
and the supernatant was reduced for 2 minutes at 95°C with 5% β-mercapto-ethanol.
Samples were then separated as described previously (Jha et al., 2006). Briefly, samples
were separated in 10% SDS-PAGE at a constant current of 20 mA per gel until the
dye front reached the end of the gel. The protein was then blotted to PVDF membranes
in tris-glycine-methanol buffer for 60 minutes at a constant potential of 100 V. The
membranes were then blocked for at least 1 hour with 5% non-fat dry milk in PBS-
0.1% Tween-20. The membranes were then incubated with the appropriate antibody
for no less than 1 hour, washed three times for 5 minutes with PBS-0.1% Tween-20,
incubated with corresponding peroxidase-conjugated secondary antibody for 30
minutes and washed three times for 5 minutes each with PBS-0.1% Tween-20. The
membranes were then developed using chemiluminescence.
Immunocytochemistry
Cells were obtained as previously described and allowed to adhere to clean glass
slides in drops at room temperature for 10 minutes. The excess liquid was removed
and the sperm fixed with either methanol-free 4% paraformaldehyde in PBS (for
phalloidin staining) or 3.7% formaldehyde in PBS (containing up to 1.5% methanol,
for antibody staining) for 5 minutes at room temperature. The fixing solution was
then removed and the cells were permeabilized with 0.5% Triton X-100 in PBS for
5 minutes at room temperature. The permeabilizing solution was removed and the
slides were blocked for not less than 2 hours with PBS 0.1% Tween-20 0.5% BSA.
After blocking, the slides were incubated overnight at 4°C with the corresponding
antibody in blocking buffer. The following day, the slides were washed ten times
with PBS-0.1% Tween-20 and then incubated with the appropriate secondary
antibody and desired counterstains diluted in blocking buffer for no less than 2 hours
at room temperature. The slides were then washed ten times in PBS-0.1% Tween-
20, mounted with SlowFade Light (Molecular Probes, Eugene, OR) mounting media,
and left at 4°C until imaged. Imaging was performed with a Nikon Eclipse 200 inverted
microscope equipped with DIC optics, epifluorescence, a CCD camera and Open
Lab imaging software.
Mouse egg preparation
Metaphase-II eggs were obtained from B6D2F1 (C57BL/6J  DBA/2J) female mice
(6- to 10-weeks old) superovulated by injection of 5 IU of serum gonadotropin from
a pregnant mare (PMSG; Sigma, St Louis, MO) followed 48 hours later by 5 IU of
human chorionic gonadotropin (hCG; Sigma). Eggs were collected from the oviduct
14 hours post-hCG, and were washed with HEPES-buffered Tyrode-lactate solution
(Parrish et al., 1988) with 5% heat-inactivated fetal calf serum (FCS; Gibco, BRL,
Grand Island, NY). Cumulus cells were removed with 0.1% bovine testes
hyaluronidase (Sigma, St Louis, MO). In experiments requiring eggs without zona
pellucida, the eggs were treated with Tyrode’s Acidic Solution and zona-free eggs
were then washed in Tyrode-lactate solution and left to recover in fertilization medium
(see bellow M16 medium) for at least 30 minutes at 37°C in a 5% CO2 incubator.
IVF
IVF assays were performed following published protocols (Hogan et al., 1986) with
slight modifications. Briefly, sperm were obtained as described above and left to
capacitate in CO2-equilibrated M16 media (M7292; Sigma, St Louis, MO) overlaid
with light mineral oil in a 37°C incubator with 5% CO2 for 90 minutes. Eggs were
obtained as described above and separated in CO2-equilibrated M16 media drops
overlaid with light mineral oil in a 37°C incubator with 5% CO2. Sperm were then
added to the egg drops at final concentrations ranging from 105 sperm/ml to 2106
sperm/ml and incubated for 4 hours. Eggs were then washed off sperm by passing
them through consecutive pre-equilibrated M16 media drops and left at 37°C until
scored for fertilization.
ICSI
The ICSI procedure was carried out as previously described (Yoon and Fissore, 2007)
using Narishige manipulators (Medical Systems Corp., NY) mounted on a Nikon
diaphot microscope (Nikon, Tokyo, Japan). All manipulations were carried out in a
50 μl drop of HEPES-buffered CZB medium (Chatot et al., 1990) containing 0.1%
polyvinyl alcohol (PVA, Mr=30-70103, Sigma) under light mineral oil at room
temperature. Sperm were diluted 1:1 in medium containing 12% w/v
polyvinylpyrrolidone (PVP, Mr=360103, Sigma). A single sperm was aspirated into
a blunt-ended pipette driven by a PiezoDrill (Burleigh, Rochester, NY), and several
Piezo pulses were applied to separate the head from the tail. The zona pellucida and
plasma membrane of the egg were penetrated by applying Piezo pulses. The sperm
head was then released into the cytoplasm of the egg from the pipette. Different
intensity pulses were used to penetrate the zona pellucida and plasma membrane.
[Ca2+]i monitoring
Monitoring of intracellular Ca2+ concentration ([Ca2+]i) was performed as described
before (Yoon and Fissore, 2007). Briefly, eggs were incubated in TL-HEPES
supplemented with 1 μM Fura-2-acetoxymethyl ester (Fura-2-AM; Molecular Probes,
Eugene, OR) and 0.02% pluronic acid (Molecular Probes) for 20 minutes at room
temperature, and were then transferred into 300 μl of TL-HEPES on a glass-bottom
culture dish (MatTek Corporation, Ashland, MA) covered with light mineral oil for
fluorescence imaging. [Ca2+]i changes were monitored simultaneously using a 20
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objective lens on a Nikon Diaphot inverted microscope (Nikon) equipped with a
temperature-controlled stage (20/20 Technology, Wilmington, NC) and a xenon lamp
(Osram, Germany). The excitation wavelength was alternated between 340 nm and
380 nm by a computer-controlled filter wheel (Ludl Electronic Products, Hawthorne,
NY) and the emission of light was passed through a 510-nm barrier filter and collected
with cool SNAP ES digital camera (Roper Scientific, Tucsan, AZ). Captured images
were taken every 20 seconds and analyzed by SimplePCI software (Compix Imaging,
Cranberry, PA). [Ca2+]i values are reported as the ratio of 340:380-nm fluorescence
in the whole egg.
Fusion assays
Sperm-egg fusion assay was optimized using CD1 mice owing to their cost and
availability. Previously published protocols with slight modifications were used
(Conover and Gwatkin, 1988; Wortzman et al., 2006). Briefly, sperm were obtained
as above and left to capacitate as described for the IVF assays. Eggs were obtained
as above and, after zona removal, left in M16 media to equilibrate and recuperate
for 30 minutes, after which the eggs were moved to a new drop of M16 media
containing 1 μg/ml of Hoechst 33342 stain and incubated for 30 minutes, after which
period the eggs were washed in three consecutive M16 media drops. The main
modification to the published protocols was the addition of a de-stain step of 45
minutes in a fresh pre-equilibrated M16 media drop and a new three-drop wash of
the eggs before transfer to the assay drop. Sperm was then added to the assay drop
in concentrations ranging from 2104 sperm/ml to 2105 sperm/ml. The eggs were
then scored for fusion at 20 minutes and 120 minutes using an epifluorescence
microscope.
Inhibitor and ionophore treatments
For the analysis of Izumo localization, sperm were incubated in HEPES-buffered
Whitten medium containing 5 mg/ml of BSA and 10 mM NaHCO3 for 60 minutes
at 37°C. The acrosome reaction was then induced with Ca2+ ionophore A23187 for
30 minutes at 37°C. When inhibitors were used, the appropriate inhibitor was included
in the media from the beginning of the incubation. The different inhibitors were used
in the range of 0 to 100 μM (Boyle et al., 2001; Valderrama et al., 2001; Nolan et
al., 2004; Matson et al., 2006).
Data expression and statistical analysis
IVF, ICSI and fusion experiments were pooled and data expressed as a percentage
of the total number of eggs used. The number of eggs used can be found atop each
column. Because these experiments are expressed on a percent basis, no error bars
are presented. In experiments in which error bars are presented, the bars represent
one standard deviation (s.d.). In order to assess significance, the Student’s t-test was
used.
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ABSTRACT
Mammalian sperm become fertile after completing capacita-
tion, a process associated with cholesterol loss and changes in the
biophysical properties of the sperm membranes that prepares the
sperm to undergo the acrosome reaction. Different laboratories
have hypothesized that cholesterol efflux can influence the extent
and/or movement of lipid raft microdomains. In a previous study,
our laboratory investigated the identity of sperm proteins
putatively associated with rafts. After extraction with Triton X-
100 and ultracentrifugation in sucrose gradients, proteins
distributing to the light buoyant-density fractions were cored
from polyacrylamide gels and microsequenced. In this study, a
subset of these proteins (TEX101, basigin, hexokinase 1,
facilitated glucose transporter 3, IZUMO, and SPAM1) and other
molecules known to be enriched in membrane rafts (caveolin 2,
flotillin 1, flotillin 2, and the ganglioside GM3) were selected to
investigate their localization in the sperm and their behavior
during capacitation and the acrosome reaction. These molecules
localize to multiple sperm domains, including the acrosomal cap
(IZUMO, caveolin 2, and flotillin 2), equatorial segment (GM3),
cytoplasmic droplet (TEX101), midpiece (basigin, facilitated
glucose transporter 3, and flotillin 2), and principal piece
(facilitated glucose transporter 3). Some of these markers
modified their immunofluorescence pattern after sperm incuba-
tion under capacitating conditions, and these changes correlated
with the occurrence of the acrosome reaction. While GM3 and
caveolin 2 were not detected after the acrosome reaction, flotillin
2 was found in the equatorial segment of acrosome-reacted
sperm, and IZUMO distributed along the sperm head, reaching
the post- and para-acrosomal areas. Taking into consideration the
requirement of the acrosome reaction for sperm to become
fusogenic, these results suggest that membrane raft dynamics
may have a role in sperm-egg membrane interaction.
acrosome reaction, fertilization, flotillin, IZUMO, lipid rafts, signal
transduction, sperm, sperm capacitation
INTRODUCTION
Mammalian sperm are highly specialized cells that undergo
a complex series of differentiating processes to become fertile.
These processes start in the male reproductive tract with
epididymal maturation and continue in the female tract, where
sperm undergo capacitation and become fully able to fertilize
an oocyte [1, 2]. Molecular events implicated in the initiation
of capacitation include lipid rearrangements in the sperm
plasma membrane that are coupled to changes in ion fluxes and
to several signaling cascades. Among the changes in lipids,
capacitation has long been thought to involve loss of
cholesterol, leading to a different organization of the sperm
plasma membrane.
The release of cholesterol appears to be necessary for the
signaling events that accompany capacitation [3–5], including
the preparation of the sperm to undergo an agonist-induced
acrosome reaction. However, our understanding of how sterol
efflux couples to the regulation of signal transduction pathways
intrinsic to capacitation remains rudimentary. Years after the
description of the plasma membrane fluid mosaic model [6],
specialized platforms clustering signaling molecules were
identified [7]. These structures are highly enriched in
cholesterol and glycosphingolipids; this lipid composition
provides their characteristic biochemical properties (insolubil-
ity in nonionic detergents such as Triton X-100 at 48C and light
buoyant density after centrifugation in a sucrose gradient).
Although several limitations should be taken into account [8],
sucrose light buoyant detergent-resistant membranes (DRMs)
have been widely used as a first approach to identify membrane
rafts [9–15]. Current concepts attribute important signaling
properties to the existence of membrane rafts acting to bring
protein assemblies together [16–18]. In the case of mammalian
sperm, it has been hypothesized that cholesterol release during
capacitation modifies the function/location of proteins in sperm
raft microdomains [19–24]. In an effort to elucidate the
mechanisms by which the release of cholesterol couples to
signaling events in the sperm, we previously conducted a
proteomic analysis of the sperm light buoyant fractions and
identified a number of proteins, including hexokinase 1 (HK1),
testis serine proteases 1 and 2, TEX101, hyaluronidase
(SPAM1), facilitated glucose transporter 3 (SLC2A3), lactate
dehydrogenase A, carbonic anhydrase IV, IZUMO, pantophy-
sin, basigin (BSG), and CRISP1 [20].
Sperm are highly polarized cells, and their membranes can
be categorized into different compartments. In intact sperm, the
plasma membrane on the head surrounds the anterior
acrosome, the equatorial segment, and the postacrosomal
region. In the tail, the membrane covers the anterior part of
the flagellum (midpiece) containing the mitochondria and the
posterior portion of the tail (principal piece) containing the
fibrous sheath surrounding the outer dense fibers [25]. These
sperm compartments should be taken into account when the
role of DRM proteins is analyzed; therefore, in this study we
used antibodies against a subset of these proteins to investigate
their localization in mouse sperm and their behavior during
capacitation. Using filipin staining, the cholesterol-rich regions
have been mapped to the plasma membrane overlaying the
acrosome [5, 26, 27]. However, our findings indicate that
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proteins present in the light buoyant fractions, as well as other
molecules known to distribute dynamically in membrane rafts,
localized in multiple sperm compartments, including the
anterior head, equatorial segment, cytoplasmic droplet, mid-
piece, and principal piece. When the behavior of these
molecules during capacitation was studied, no changes were
found in the tail-resident proteins. On the other hand, while
some of the molecules in the head were lost, others change
their immunofluorescence pattern; these changes were ob-
served only in sperm that had undergone acrosomal exocytosis.
IZUMO, present exclusively in the acrosomal region in intact
sperm, spread to the post- and para-acrosomal regions of the
sperm head in acrosome-reacted cells, while flotillin 2
(FLOT2), originally in the dorsal acrosome and midpiece,
appeared in the equatorial segment. Considering that sperm
acquire fusogenic capacity after the acrosome reaction, these
changes in DRM-associated proteins could indicate their
involvement in sperm-egg interaction.
MATERIALS AND METHODS
Materials
All chemicals were reagent grade and were purchased from Sigma or Fisher
unless otherwise stated. Molecular weight standards and all reagents used for
SDS-PAGE were from BioRad. The following protease inhibitors were obtained
from Sigma: PMSF, benzamidine, Na-tosyl-L-lysine chloromethyl ketone
(TLCK), mammalian cell and tissue extracts cocktail 4-(2-aminoethyl)benzene-
sulfonyl fluoride hydrochloride (AEBSF), aprotinin, bestatin, N-(trans-epox-
ysuccinyl)-L-leucine 4-guanidinobutylamide (E-64), leupeptin, and pepstatin A.
Calcium ionophore A23187 was from Calbiochem. Fluorescent reagents
purchased from Molecular Probes included anti-rabbit IgG, anti-mouse IgG,
anti-mouse IgM, and peanut agglutinin lectin (PNA) conjugated to Alexa Fluor
555 or 488. Peroxidase-conjugated anti-rabbit IgG (Sigma) and anti-mouse IgG
(Jackson ImmunoResearch Laboratories) were used for Western blot analyses.
Antibodies
Specific antibodies directed against the different molecules analyzed in this
study were obtained from several commercial and noncommercial sources as
detailed herein. Monoclonal anti-TEX101 was generously provided by Dr.
Yoshihiko Araki from Yamagata University (Yamagata, Japan). Dr. John
Wilson from Michigan State University (East Lansing, MI) contributed the
rabbit anti-HK1. Polyclonal anti-IZUMO was a gift from Dr. Masaru Okabe at
Osaka University (Osaka, Japan). A specific polyclonal antiserum recognizing
SPAM1 was obtained from Dr. Diana Myles and Dr. Paul Primakoff at the
University of California, Davis. The antibody recognizing SLC2A3 was
purchased from Alpha Diagnostic International. Dr. Kenji Kadomatsu from
Nagoya University (Nagoya, Japan) generously provided the anti-BSG.
Monoclonal antibodies reacting against FLOT1 and FLOT2 were purchased
from BD Biosciences. Anti-CAV2 was obtained from Santa Cruz Biotechnol-
ogy Inc. The monoclonal IgM that specifically recognizes the ganglioside GM3
was purchased from Seikagaku Corporation. Dr. Lonny Levin and Dr. Jochen
Buck from the Department of Pharmacology, Weill Medical College of Cornell
University (New York, NY) provided the antibody R2, which reacts against
bicarbonate-dependent cyclase (ADCY10).
Sperm Preparation
Mouse sperm were collected from CD1 retired male breeders (Charles
River), euthanized in accord with Institutional Animal Care and Use Committee
guidelines and following experimental protocols previously approved by the
Animal Care Committee of the University of Massachusetts. For the sperm to
swim out, the cauda epididymis from each animal was placed in 0.5 ml of
modified Whitten-Hepes medium (WH) containing 100 mM NaCl, 4.7 mM
KCl, 1.2 mM KH
2
PO
4
, 1.2 mM MgSO
4
, 5.5 mM glucose, 1 mM Pyruvic acid,
4.8 mM L(þ)-lactic acid hemicalcium salt in 20 mM Hepes, pH 7.3, at 378C.
After 10 min, sperm suspension was diluted into capacitating media or
collected and centrifuged at 500 3 g for 5 min at room temperature (RT). For
capacitation, 50 ll of the original suspension was diluted into 450 ll of
capacitating media (WH supplemented with 20 mM NaHCO
3
and 3 mg/ml of
bovine serum albumin [BSA], A-0281; Sigma) and incubated for 60 min as
previously described [28]. To induce the acrosome reaction, capacitated sperm
were treated with 3 lM calcium ionophore A23187 for 30 min.
FIG. 1. Specificity of antibodies directed
toward DRMs and other sperm proteins.
Total sperm extracts were prepared as
detailed in Materials and Methods, sepa-
rated using 10% (A) or 15% (B) acrylamide
gels and analyzed by Western blot using
different antibodies directed against the
corresponding proteins. Arrowheads repre-
sent bands highlighted in Figure 2.
FIG. 2. Distribution of proteins along the sucrose gradient. Sperm were
extracted with 0.5% Triton X-100 and subjected to ultracentrifugation on a
sucrose gradient as described in Materials and Methods. Nine fractions
were collected from top to bottom and were analyzed by SDS-PAGE and
Western blot using different antibodies. The molecular weights of the
bands shown are in the right column. In the case of SPAM1 and ADCY10,
bands shown are those marked with an arrowhead in Figure 1. A nonraft
protein (ADCY10) was included as control.
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Isolation of Light Buoyant-Density DRM Fractions
Sperm suspensions were centrifuged at 5003 g for 10 min and washed with
WH medium. The pellet was resuspended in 400 ll of TEN buffer (25 mM Tris-
HCl, 150 mM NaCl, 5 mM edetic acid, pH 7.3) supplemented with 0.5% Triton
X-100 and a protease inhibitor cocktail (1 mM PMSF, 1 mM NaF, 2 mM sodium
orthovanadate, 20 lg/ml of leupeptin, 15 lg/ml of pepstatin, 0.8 mM aprotinin,
10 mM benzimidine, 3 lg/ml of TLCK, 1 mM AEBSF, 40 lM bestatin, and 14
lM E-64). This suspension was Dounce homogenized and sonicated with five
brief bursts of 1 sec each. Samples were kept on ice for 5 min and then rotated at
48C for 45 min. Lysates were adjusted to 40% sucrose with the addition of 400
ll of 80% sucrose in TEN buffer and placed in the bottom of a 2-ml Beckman
centrifuge tube. This suspension was gently overlaid with 800 ll of 30% sucrose
in TEN buffer, followed by 400 ll of 5% sucrose in TEN buffer. The samples
were then centrifuged at 200 0003g for 18 h in a TLS 55 swinging bucket rotor
in a Beckman Optima-TLX ultracentrifuge. After centrifugation, 200-ll
fractions were carefully collected from the top to the bottom of the gradient.
Fractions were prepared for SDS-PAGE by the addition of 0.2 volumes of 53
nonreducing Laemmli buffer, boiled for 5 min, and kept frozen until use.
SDS-PAGE and Western Blot
Total sperm extracts were obtained by cell suspension in nonreducing
Laemmli buffer and by boiling for 5 min. Before running, samples were
supplemented with 5% b-mercaptoethanol when required. The SDS-denaturing
gels of different acrylamide concentrations (10% or 15%) were used depending
on the protein under study. After electrophoresis, proteins were electroblotted
to polyvinylidene fluoride membrane and blocked with 5% skimmed milk. All
incubation and washing procedures were done with PBS supplemented with
0.1% Tween 20 (PBST). Membranes were blocked for 1 h at RT and then
incubated with the different first antibodies overnight at 48C as previously
described [29]. After washing three times for 5 min, the specific peroxidase-
conjugated secondary antibody was added, and incubation was carried out for 1
h at RT. The membranes were washed with PBST, and immune complexes
were located using ECL Plus and Kodak Biomax light films.
Immunocytochemistry
Sperm were fixed in suspension by the addition of fresh formaldehyde
(prepared from paraformaldehyde [final concentration, 2%]) and incubation for 30
min at 48C. After washing two times with PBS, sperm were immobilized on slides
and air dried. Cells were permeabilized with 0.1% Triton X-100 and 0.2%
formaldehyde for 5 min at RT. After washing with PBS, blocking was done by 30-
min incubation with 1% BSA in PBS. Primary antibodies were diluted in PBS
supplemented with 0.1% BSA and incubated overnight at 48C. After washing with
PBS, cells were incubated with the respective Alexa Fluor-conjugated secondary
antibody for 60 min at RT. When double staining was required, PNA coupled to
Alexa Fluor 488 was included in the solution of the secondary antibody. After
washing, cells were mounted using Slow Fade (Molecular Probes).
RESULTS
Validation of Antibodies and Confirmation of Sperm
DRM-Resident Proteins by Western Blot
We previously identified a number of proteins using a
combination of one-dimensional PAGE and tandem mass
FIG. 3. Location of DRM proteins among the different sperm compartments. Mouse sperm were fixed with 2% formaldehyde, immobilized on slides, and
permeabilized with 0.1% Triton X-100. Cells were incubated overnight with different antibodies raised in mouse (anti-TEX and anti-FLOT2) or rabbit (anti-
SLC2A3, anti-CAV2, anti-BSG, and anti-IZUMO), followed by the respective Alexa Fluor-conjugated secondary antibody. Primary antibodies were omitted
as control (aMouse and aRabbit panels). Illustrations represent the images obtained under fluorescence (Fl) or transmitted light illumination (Ph, phase
contrast; DIC, differential interference contrast). Experiments were repeated at least three times; representative sperm are shown. Arrowheads represent
cytoplasmic droplet. Original magnification 360.
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spectrometry of DRM fractions after separation in a sucrose
gradient [20]. To confirm their association with the light-density
fractions, antibodies against these proteins were obtained from
different commercial and noncommercial sources as enumerated
in Materials and Methods. Each of these antibodies was validated
by Western blot of total sperm extracts as shown in Figure 1A,
and the antibodies recognized proteins of the predicted molecular
weight. In addition to the proteins identified previously [20], we
assayed for the presence of other proteins known to be enriched
in membrane rafts in many cell types such as CAV2, FLOT1, and
FLOT2. Antibodies against these proteins react with polypep-
tides of the expected molecular weight, indicating the presence of
these proteins in mouse sperm (Fig. 1B). We also tested
antibodies against ADCY10, a nonraft protein.
The validated antibodies were then used to probe Western
blots of sucrose gradient fractions obtained as described in
Materials and Methods (Fig. 2). Among the assayed proteins, it
was possible to distinguish three different gradient distribu-
tions. Although all of them were found in the light fraction
used previously for tandem mass spectrometry identification
[20], TEX101, SPAM1, FLOT1, and FLOT2 were present
exclusively in the light fractions; IZUMO was more wide-
spread and was also found in intermediate-density fractions;
and a third set of proteins comprising SLC2A3, BSG, HK1,
and CAV2 was found in most fractions, including the heavy
ones. ADCY10 distributed exclusively in the heavy fractions.
DRM-Resident Proteins Compartmentalized to Different
Sperm Regions
A unique feature of sperm cells is the subdivision of the
plasma membrane into well-defined regional domains with
different compositions and functions [25]. In addition to the
domains described in the Introduction, the cytosolic droplet
that is present in a fraction of cauda epididymal mouse sperm
constitutes another level of complexity. To analyze the specific
distribution of the sperm DRM proteins in the different
membrane regions, the already-validated antibodies were used
to localize the respective proteins by immunofluorescence. As
shown in Figure 3, DRM proteins were found in the anterior
head (IZUMO, CAV2, and FLOT2), midpiece (SLCA3,
FLOT2, BSG, and SLC2A3), and principal piece (SLC2A3).
TEX101, a protein that localized exclusively to the light
buoyant sucrose gradient fractions, was present only in the
cytoplasmic droplet.
In addition to the proteins enriched in membrane rafts,
DRMs are enriched in gangliosides. Recently, fluorescently
labeled cholera toxin has been used to address the presence of
GM1 in sperm from different mammalian species [19, 21, 23,
30–33]. Although GM1 is the best studied in sperm, other
gangliosides are known to be enriched in membrane rafts [34],
and differential ganglioside distribution among these mem-
brane microdomains has been reported [35–37]. In particular,
GM3 appears to be the major ganglioside in the male
reproductive system [38], and several studies [39–41] demon-
strate its abundance in bovine, ovine, and human sperm.
However, localization of GM3 on sperm has not yet been
analyzed, to our knowledge. To investigate the location of
GM3 in mouse sperm, a specific anti-GM3 antibody was tested
by immunofluorescence. This monoclonal antibody has been
validated by Kotani et al. [42, 43] and was used in several
studies [35, 44–48]. Anti-GM3 fluorescent signal was found to
be restricted to the equatorial segment (Fig. 4), whereas PNA
signal exclusively stained the anterior acrosomal region.
FIG. 4. Detection of ganglioside GM3 in
mouse sperm. Mouse sperm fixed and
permeabilized as already described were
incubated overnight with a monoclonal
anti-GM3 antibody, followed by Alexa Fluor
555-conjugated secondary antibody (GM3).
Cells were also stained with Alexa Fluor
488-conjugated PNA. No primary antibody
controls were used (lower panels). Experi-
ments were repeated at least three times;
representative sperm are shown. DIC, dif-
ferential interference contrast. Original
magnification 360.
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Sperm Acrosome Reaction Correlates with Changes
in DRM Protein Immunolocalization
As previously stated, cholesterol content is relevant for the
function of raft proteins and for sperm capacitation. To analyze
if there was any relationship between these two events, we
studied DRM proteins after incubating sperm under capacitat-
ing conditions. Most of the proteins did not change their
respective immunofluorescence pattern upon incubation (data
not shown). However, some proteins (IZUMO, CAV2, and
FLOT2) and the ganglioside GM3 showed two different
staining patterns in the capacitated population as shown in
Figure 5. In the case of CAV2 and GM3, some sperm
displayed no signal; in contrast, FLOT2 and IZUMO showed a
different staining pattern. Although these changes were
observed in the capacitated population, in all cases they
correlated with the loss of PNA staining, suggesting that the
differential immunofluorescence patterns were due to the
acrosome reaction and were not directly related to capacitation.
To further confirm this observation, the immunolocalization
of FLOT2 and IZUMO was studied after inducing the
acrosome reaction with the calcium ionophore A23187. As
shown in Figure 6, sperm that have lost PNA staining showed a
new IZUMO localization. Although both FLOT2 and IZUMO
displayed a different staining pattern in acrosome-reacted cells
versus intact sperm, they did not colocalize (data not shown).
While FLOT2 was restricted to the equatorial segment,
IZUMO distributed into adjacent regions.
DISCUSSION
Capacitation has been associated with changes in the lipid
composition of the sperm plasma membrane; in particular,
cholesterol efflux induces signaling events in the sperm,
including the capacitation-associated increase in tyrosine
phosphorylation and the preparation of the sperm to undergo
the acrosome reaction [1, 5]. Previous work from our group has
used a proteomic analysis of low-density DRM-resident
proteins in an effort to investigate whether cholesterol efflux
regulates membrane rafts during sperm capacitation [20]. The
use of detergent to relate protein association to rafts is the most
widely used method to analyze the composition of membrane
rafts and to identify putative resident proteins [9–14].
However, this procedure has been questioned on the basis that
detergent can induce the formation of membrane domains and
fails to provide physiologically relevant information [8, 14].
Despite these criticisms, detergent separation can still be
considered a first approach to determining components of
membrane rafts. In particular, although proteins not belonging
to rafts could be found in the low-density DRM fractions, it is
FIG. 5. Differential immunofluorescence
pattern of GM3, CAV2, IZUMO, and FLOT2
in capacitated sperm. Mouse sperm incu-
bated under capacitating conditions were
analyzed by immunofluorescence as de-
scribed in Materials and Methods using anti-
GM3, anti-CAV2, anti-IZUMO, and anti-
FLOT2, followed by the respective Alexa
Fluor 555-conjugated secondary antibody.
Cells were also stained with Alexa Fluor
488-conjugated PNA to relate the staining
patterns to the acrosomal status. Sperm that
underwent the acrosome reaction corre-
spond to those showing the new staining
patterns (arrowheads). Experiments were
repeated at least three times; representative
sperm are shown. DIC, differential interfer-
ence contrast. Original magnification 360.
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generally believed that most proteins associated with mem-
brane rafts will behave as detergent resistant [8]. In addition, an
essential property of sperm cells is their highly compartmen-
talized structure [25]. Taking this into consideration, an
alternative experimental approach is required to determine
the original location of DRM proteins among the different
sperm compartments.
In the present work, we chose a series of DRM-resident
proteins to investigate their localization in sperm. These
proteins were not restricted to one sperm region but were
distributed among different sperm compartments; our findings
regarding localization of these proteins are illustrated in Figure
7. Some of these molecules (e.g., CAV2, GM3, IZUMO, and
FLOT2) change their localization during the acrosome reaction.
While CAV2 and GM3 appear to be lost, IZUMO and FLOT2
show a different pattern of localization in a fraction of the
capacitated sperm population. The new patterns were found
only in acrosome-reacted sperm, suggesting that the changes
were due not to capacitation but to the acrosome reaction.
Sphingolipids are derivatives of the long-chain amino
alcohols sphingosine and dihydrosphingosine. The sphingoid
long-chain base is linked to a fatty acid molecule via an amide
bond-forming ceramide. The addition of carbohydrates to this
ceramide backbone leads to the formation of a great diversity
of glycosphingolipids, including the gangliosides GM1 and
GM3 that differ only in their oligosaccharide chains. Like
cholesterol, sphingolipids are found to be enriched in
membrane rafts; this behavior is due to the presence of two
long saturated alkyl chains that can be organized and
condensed by sterols to form the liquid-ordered phase of
membrane rafts [49]. In sperm, other investigations on
nonprotein raft markers have focused on GM1. Using cholera
toxin, this ganglioside was shown to localize to the plasma
membrane overlaying the acrosome in living sperm [32]. On
the other hand, using biochemical methods, it has been
demonstrated by biochemical methods that GM3 is the most
abundant ganglioside in the male reproductive tract and in
sperm [39–41]; however, localization of GM3 in these cells
was undetermined. In this study, we used previously validated
antibodies against GM3 [42, 43] to determine the immunoflu-
orescence pattern of this ganglioside in sperm and found it to
be restricted to the equatorial segment.
Considering the method used in our original study [20], the
source of the proteins located in the light-density fractions
could belong to more than one membrane. In addition to the
aforementioned sperm compartments (e.g., head and tail), the
subcellular structure of the sperm encompasses different
membranes, including the plasma membrane, outer acrosomal
and inner acrosomal membranes, and nuclear and mitochon-
drial membranes. Although results obtained from the proteomic
analysis suggested the absence of mitochondria and nuclear
membranes in the sperm light-density fractions, DRM proteins
coming from the inner and outer acrosomal membranes were
also found in these fractions. The results of this study are in
agreement with this possibility and with the assorted origin of
plasma membranes contributing to the light-density fractions.
In the tail, localization of BSG, SLC2A3, and FLOT2 suggests
that DRM can be found along the different sections comprising
the sperm flagella. The results in this study provide some other
insightful clues for the sperm head. IZUMO cannot be detected
on live sperm and is only exposed when plasma membrane
integrity is disrupted by freezing, permeabilization, or the
acrosome reaction [50, 51]; accordingly, it is hypothesized that
this protein localizes to the inner acrosomal membrane. In this
respect, the association of IZUMO with the light-density
fraction provides evidence that the inner acrosomal membrane
contributes to the total light buoyant DRM fractions. Even an
ephemeral structure like the cytoplasmic droplet seems to
preserve DRMs, as suggested by the highly restricted location
of TEX101 in the light-density fractions and by the results of
the immunofluorescence studies. These results confirm studies
[37, 49] supporting the heterogeneity of DRMs with regard to
their protein and lipid composition.
Pursuing our analysis on the putative involvement of DRM-
resident proteins in sperm function, the location of selected
proteins associated with the light-density fractions was
reanalyzed in sperm incubated under capacitating conditions.
FIG. 6. Differential location of FLOT2 and IZUMO in intact and
acrosome-reacted sperm. Mouse sperm were analyzed by immunofluo-
rescence with anti-FLOT2 or anti-IZUMO before or after capacitation and
treatment with the calcium ionophore A23187. Cells were also stained
with Alexa Fluor 488-conjugated PNA to check for the acrosomal status.
Experiments were repeated al least three times; representative sperm are
shown. Original magnification 360.
FIG. 7. Schematic representation of the distribution of DRM proteins in
sperm compartments depicting the results obtained using the antibodies
directed against the different DRM-resident molecules analyzed in the
study; HK1 localization as described previously [49] is also shown. As
already noted in the text, IZUMO and FLOT2 demonstrate a different
immunofluorescence pattern after the acrosome reaction (AR).
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Although no relevant changes were noticed with capacitation,
modifications in the immunofluorescence pattern of some
proteins were observed in acrosome-reacted sperm. The
acrosome reaction involves an extensive reorganization of the
membranes located in the anterior head of the sperm cell.
Multiple fusion points between the plasma and outer acrosomal
membranes induce a fenestration process during which the
components originally located in the apical portion of the
sperm are lost [1]. After fusion, the inner acrosomal and plasma
membranes become continuous, assembling a new sperm
surface resulting from the mixing of their respective compo-
nents. Caveolin 2, originally found in the anterior head of the
sperm, could not be detected after the acrosome reaction,
suggesting that this antigen is likely located at the plasma
membrane covering the acrosomal cap and is consequently lost
during exocytosis. In the case of GM3, although no signal was
found on reacted sperm, the original localization of this
ganglioside did not predict this behavior because the equatorial
segment is excluded from the vesiculization process that takes
place during the acrosome reaction [1]. Although the possible
loss of GM3 cannot be ruled out, considering that anti-GM3
recognizes the glycoside portion of the GM3 molecule [42], the
lack of signal of acrosome-reacted sperm could also be due to
the removal of the respective epitope by acrosomal glycosi-
dases released during exocytosis [1].
In contrast to CAV2 and GM3, the other two proteins
analyzed, IZUMO and FLOT2, can still be detected by
immunofluorescence in acrosome-reacted sperm, although they
showed a different localization compared with the one originally
displayed in nonreacted cells. In intact sperm, IZUMO was
restricted to the dorsal portion of the sperm head; after the
acrosome reaction, it distributed to a new region opposite to the
anterior acrosome, including part of the postacrosomal region.
Different IZUMO staining patterns have been previously
observed [50], but their connection with antigen relocation
due to the acrosome reaction has not been analyzed in detail.
Concerning FLOT2, the staining formerly observed in the
midpiece did not change with the acrosome reaction, but the
signal located in the apical portion of the head extended along
the acrosomal domain, revealing the presence of FLOT2 in the
equatorial segment in cells that underwent the acrosome
reaction. In addition to FLOT2, several proteins that have been
reported to relocate after the acrosome reaction such as SPAM1,
CRISP1, and IZUMO are present in the light buoyant DRM
fractions [51–53]. This common feature suggests that changes in
localization could be related to these membrane substructures
rather than to a specific aspect of the individual proteins.
Although both IZUMO and FLOT2 change their location
after the acrosome reaction, they do not seem to colocalize.
While FLOT2 is restricted to the equatorial segment, IZUMO
can move farther, crossing to the ventral para-acrosomal sperm
domains. These compartments are separated by a specialized
structure that seems to be defined during epididymal
maturation and involves tyrosine phosporylation [54]. Other
proteins reported to redistribute after the acrosome reaction are
localized to the equatorial segment and are not able to pass the
postacrosomal boundary [52, 53]. This suggests that protein
redistribution after the acrosome reaction is a regulated process
that may comprise a particular mechanism for IZUMO. It is a
matter to be resolved why only IZUMO among all the proteins
that move after the acrosome reaction is able to cross the
postacrosomal boundary and whether this has a functional
significance considering its relevance in sperm-egg fusion [55].
The membrane reorganization taking place during the
acrosome reaction involves an additional change of high
functional significance: the sperm becomes capable of fusing
with the egg. Although IZUMO has been shown to be necessary
for sperm-egg fusion [55], the molecular mechanisms conferring
fusogenic ability to sperm are not well understood. Membrane
microdomains and their resident molecules have been implicat-
ed in processes requiring cell-cell fusion such as invasion [56,
57]. With respect to the molecules depicting a different
inmmunofluorescence pattern after the acrosome reaction, while
FLOT2 has been positively correlated with metastatic processes
[58], GM3 has been negatively associated with cell motility and
invasiveness [59]. In the sperm, we can speculate that the
presence of GM3 is associated with a nonfunctional equatorial
segment and that GM3 modification or loss may be needed for
the sperm to acquire the ability to fuse with the egg. Taking into
consideration that IZUMO has a direct role in sperm-egg fusion
as suggested by the null mutant phenotype [55], the putative
participation of those regions where IZUMO localized after the
acrosome reaction in sperm-egg fusion should be reanalyzed.
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Summary
A novel fluorescence technique for monitoring the
redox status of c-type cytochromes in Geobacter sul-
furreducens was developed in order to evaluate the
capacity of these extracytoplasmic cytochromes to
store electrons during periods in which an external
electron acceptor is not available. When intact cells in
which the cytochromes were in a reduced state were
excited at a wavelength of 350 nm, they fluoresced
with maxima at 402 and 437 nm. Oxidation of the cyto-
chromes resulted in a loss of fluorescence. This
method was much more sensitive than the traditional
approach of detecting c-type cytochromes via visible
light absorbance. Furthermore, fluorescence of
reduced cytochromes in individual cells could be
detected via fluorescence microscopy, and the cyto-
chromes in a G. sulfurreducens biofilm, remotely
excited with an optical fibre, could be detected at
distances as far as 5 cm. Fluorescence analysis of
cytochrome oxidation and reduction of the external
electron acceptor, anthraquinone-2,6-disulfonate,
suggested that the extracytoplasmic cytochromes of
G. sulfurreducens could store approximately 107 elec-
trons per cell. Independent analysis of the haem
content of the cells determined from analysis of incor-
poration of 55Fe into cytochromes provided a similar
estimate of cytochrome electron-storage capacity.
This electron-storage capacity could, in the absence
of an external electron acceptor, permit continued
electron transfer across the inner membrane suffi-
cient to supply the maintenance energy requirements
for G. sulfurreducens for up to 8 min or enough
proton motive force to power flagella motors for
G. sulfurreducens motility. The fluorescence appro-
ach described here provides a sensitive method for
evaluating the redox status of Geobacter species in
culture and/or its environments. Furthermore, these
results suggest that the periplasmic and outer-
membrane cytochromes of Geobacter species act as
capacitors, allowing continued electron transport,
and thus viability and motility, for Geobacter species
as they move between heterogeneously dispersed
Fe(III) oxides during growth in the subsurface.
Introduction
Molecular analyses of microbial communities have indi-
cated that Geobacter species are the predominant
metal-reducing microorganisms in various subsurface
sediments in which dissimilatory metal reduction is an
important process (Rooney-Varga et al., 1999; Holmes
et al., 2002; Anderson et al., 2003; Roling et al., 2003;
North et al., 2004; Vrionis et al., 2005). One of the hall-
mark features of Geobacter species is their abundant
c-type cytochromes. Each genome of a Geobacter
species contains genes for over 100 c-type cytochromes
(Methe et al., 2003; Mowat and Chapman, 2005). These
c-type cytochromes are almost exclusively located in
the periplasm and outer membrane (Ding et al., 2006),
and are referred to here as extracytoplasmic c-type
cytochromes.
This significant investment of energy in extracytoplas-
mic c-type cytochromes might be considered surprising
for several reasons. First, energy conservation from res-
piratory electron transfer in Gram-negative microorgan-
isms such as Geobacter species is considered to result
from proton extrusion associated with inner-membrane
electron transfer. Therefore, electron transfer through
the periplasm and outer membrane onto extracellular
insoluble Fe(III) oxides serves merely to remove electrons
and is not directly involved in energy conservation. The
finding that Pelobacter species, which are phylogeneti-
cally intertwined with other members of the Geobacter-
aceae, are able to reduce Fe(III) oxides without abundant
c-type cytochromes demonstrates that few, if any, c-type
Received 3 July, 2007; accepted 5 September, 2007. *For
correspondence. E-mail estevena@inta.es; Tel. (+34) 91 520 6457;
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cytochromes are actually necessary to carry out extracy-
toplasmic electron transfer (Lovley et al., 1995; Haveman
et al., 2006).
Electrically conductive pili, rather than outer-membrane
cytochromes, appear to be the final electrical conduit
between Geobacter and Fe(III) oxides (Reguera et al.,
2005). Furthermore, analysis of the available Geobacter
genome sequences has revealed that most c-type cyto-
chrome genes are poorly conserved between Geobacter
species (J.E. Butler et al., unpubl. data). This suggests
that there is little need for specificity in cytochrome struc-
ture in order for Geobacter species to be successful in
Fe(III) oxide reduction.
Another surprising aspect of the ecology/physiology of
Geobacter species is that they appear to be highly plank-
tonic during growth, with insoluble Fe(III) oxides serving
as the sole electron acceptor. This was first observed in
pure culture studies (Childers et al., 2002), but studies of
a subsurface microbial community in which Geobacter
species predominated also found that the most active
Geobacter species were highly planktonic (D.E. Holmes
et al., unpubl. data). This appears to be an adaptation to
the fact that Fe(III) oxides are heterogenously dispersed
in subsurface sediments and thus once Geobacter
species deplete Fe(III) oxides within one microsite of a
subsurface sediment, they must search for another
source of electron acceptor (Childers et al., 2002; Lovley
et al., 2004). If so, this raises the question of how Geo-
bacter species obtain energy for maintenance and motility
when they are not in direct contact with Fe(III) oxides.
We hypothesized that the need for energy during the
planktonic phase when Geobacter species are not in
contact with Fe(III) oxide may justify the energetic invest-
ment in extracytoplasmic c-type cytochromes, if electron
transfer to these cytochromes permits continued short-
term electron transfer across the inner membrane, and
hence energy conservation, even in the absence of an
external electron acceptors. In order to investigate this
‘capacitor hypothesis’ further, we developed a novel fluo-
rescence method for quantifying the redox state of c-type
cytochromes in Geobacter species. Here we present evi-
dence from this analysis and other approaches that
suggest that the electron-accepting capacity of the c-type
cytochromes in Geobacter sulfurreducens is sufficient to
potentially serve as a short-term electron sink.
Results and discussion
Detection of c-type cytochromes via fluorescence
The possibility of evaluating the redox status of c-type
cytochromes in G. sulfurreducens with fluorescence
measurements was evaluated. Initial studies with horse-
heart cytochrome c demonstrated that excitation with
light within the UV range (300–400 nm) under reducing
conditions yielded a fluorescence spectrum (Fig. 1a). The
most intense signal was at an excitation wavelength of
350 nm that yielded fluorescence maxima at 402 and
437 nm (Fig. 1c). This fluorescence was lost when the
cytochrome was oxidized (Fig. 1c).
Exciting whole cells of G. sulfurreducens at 350 nm
produced a fluorescence spectrum with the same maxima
as those observed with pure horse-heart cytochrome
c (Fig. 1b). The whole-cell emission profile of G. sulfur-
reducens was much different from the spectra of Escheri-
chia coli and Pelobacter carbinolicus, which do not
produce substantial quantities of c-type cytochromes
(Fig. 2). Exposure of G. sulfurreducens cells to oxygen at
least partially oxidized the cytochromes in G. sulfur-
reducens, which could be more completely oxidized with
ferricyanide, a stronger oxidant. Oxidation in this manner
resulted in the loss of the fluorescence signal (Fig. 1d).
Previous studies reported that cytochrome c could emit
fluorescence in the red range (620–680 nm) if Fe is
released from the haem group (Fraaije et al., 1990) or
replaced by Sn or Zn (Vanderkooi et al., 1976). However,
the fluorescence signal shown here is from intact proteins
in the UV range and is sufficiently strong to detect
reduced c-type cytochromes in whole cells without inter-
ference from other cell components.
This fluorescence method was also much more sensi-
tive than the traditional approach of measuring the absor-
bance of visible light. At a concentration of 109 cells ml-1
that gave a substantial fluorescence response, the alpha
and beta bands of the visible light absorbance spectrum
were barely detectable (Fig. 1e). The fluorescence
detected at 437 nm in whole-cell preparations was pro-
portional to the number of cells and could be detected at
cell numbers as low as 106 cells ml-1, 100 times below the
detection limit of the classical spectrophotometric method.
When an anoxic film of G. sulfurreducens was remotely
excited at 350 nm through an optical fibre, the fluores-
cence spectrum of the cytochrome c was detected
(Fig. 1f). The emission spectrum could be detected from
as far as 5 cm away, demonstrating the high sensitivity of
this approach for remote detection of cytochrome c in
living cells. This technique could have applications for
monitoring the redox status of Geobacter species living on
the subsurface or on the surface of anodes harvesting
electricity in Geobacter-based microbial fuel cells.
The fluorescence of reduced c-type cytochromes
also provides a mechanism for visualizing individual
cytochrome-containing cells (Fig. 3). For example,
G. sulfurreducens embedded in anoxic agar fluoresced
brightly when excited within the range of 340–380 nm
(Fig. 3a). Culturing the cells in medium in which the iron
concentration was decreased 10-fold reduced the cyto-
chrome content of the cells, and under these conditions,
the cells had substantially lower levels of fluorescence
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(Fig. 3b). As expected, cells under aerobic conditions
did not fluoresce (Fig. 3c). These results demonstrate
that it is possible to monitor the redox status of c-type
cytochromes in single cells of G. sulfurreducens via
fluorescence.
Electron-storage capacity of G. sulfurreducens
cytochromes
In order to evaluate the hypothesis that the abundant
c-type cytochromes in Geobacter species represent a
significant extracytoplasmic electron-storage capacity,
G. sulfurreducens was grown in chemostats with the elec-
tron donor, acetate, in excess and growth limited by the
availability of the electron acceptor, fumarate. This condi-
tion was chosen to ensure that the c-type cytochromes
would be in a highly reduced state, due to the limitation in
electron-accepting capacity in the medium.
Anoxic cell sususpensions of the steady-state culture
were treated with capsaicin, a well-known inhibitor of
NADH dehydrogenase (Kim and Kim, 2004), to prevent
further electron transfer to the cytochromes. Addition of
A
C
E F
D
B
Fig. 1. In vitro and in vivo fluorescence analysis of cytochromes c. Fluorescent emission profile of (a) a horse-heart cytochrome c and (b) a
Geobacter sulfurreducens cell suspension. Emission spectrum under reducing (presence of dithionite) or oxidizing conditions (presence of
oxygen or ferricyanide as labelled) of (c) a horse-heart cytochrome c (50 mM) and (d) a G. sulfurreducens cell suspension (3 ¥ 109 cells ml-1)
using an excitation wavelength of 350 nm (e) absorbance spectrum of an anoxic G. sulfurreducens cell suspension. Fluorescence emission
remote detection of a 300 mm anoxic G. sulfurreducens film (f), the biofilm was located at 3,4 and 5 cm from the optical fibre used for lighting
(350 nm) and detecting the emitted fluorescence by the cells.
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Fe(III) citrate to the cell suspension resulted in a decrease
in fluorescence, indicating that Fe(III) citrate could oxidize
the cytochromes (Fig. 4). Addition of Fe(II) chloride had
no impact on fluorescence, consistent with the fact that
Fe(II) cannot serve as an electron acceptor. Fumarate,
which is an electron acceptor, but is reduced on the cyto-
plasmic face of the inner membrane in a cytochrome-
independent process (Butler et al., 2006), also did not
oxidize cytochromes (Fig. 4). Like soluble Fe(III) citrate,
insoluble, poorly crystalline Fe(III) oxide oxidized the cyto-
chromes (Fig. 4).
Anthraquinone-2,6-disulfonate (AQDS) is an analogue
for humic acids and another extracellular electron
acceptor for Geobacter species (Lovley et al., 1996).
Anthrahydroquinone-2,6-disulfonate (AHQDS), the re-
duced product of AQDS reduction, is fluorescent (Klapper
et al., 2002), making it possible to monitor cytochrome
oxidation and AQDS reduction via fluorescence simulta-
neously (Fig. S1). AQDS oxidized cytochromes in whole
cells, but there was no AHQDS production if the cyto-
chromes were first oxidized with oxygen (Fig. 5).
Capsaicin-treated, chemostat-grown cells produced
8.5 nmol of AHQDS with a concomitant decrease in cyto-
chrome fluorescence corresponding to 17 nmol of elec-
trons transferred. This is consistent with the fact that
reduction of AQDS to AHQDS requires two electrons.
These results suggest that fluorescence of the c-type
cytochromes can accurately quantify the electron-
accepting capacity of the c-type cytochromes. The total
c-type cytochrome fluorescence of the cells in this prepa-
ration (3 ¥ 109 cells) indicated that the reduced haem
content of the cells was 48 nmol (Fig. 4). Each reduced
haem holds one electron. Thus, under these conditions
the haem content of the cell is estimated to be 1.6 ¥ 10-17
mol of haem per cell, or 107 haems per cell.
In order to further evaluate the reduced haem content
estimate obtained with the fluorescence method, the
haem content was also estimated with an alternative
approach. When G. sulfurreducens was grown in medium
with 55Fe, radioactivity could be detected in whole cells as
well as in c-type cytochrome bands separated with SDS-
PAGE (Fig. 6). The radioactivity in the haem-staining
bands (Fig. 6b) was equivalent to 4 nmol of iron in the
50 mg of cell protein that was loaded on the gel. In these
cultures, each G. sulfurreducens cell contains 1.8 ¥ 10-7
mg protein. Thus, the haem content calculated in this
manner is 9 ¥ 106 haems per cell. This estimate, obtained
with a totally different approach and assumptions, com-
pares favourably with the number of electrons stored in
the highly reduced c-type cytochromes estimated with the
fluorescence technique.
Implications
These results demonstrate that the redox status of c-type
cytochromes in G. sulfurreducens can readily be moni-
tored with fluorescence. The abundance of c-type cyto-
chromes in G. sulfurreducens, coupled with the low level
of fluorescence background from other cellular material at
the selected excitation and emission wavelengths, makes
it possible to detect reduced cytochromes in individual
cells with a fluorescent microscope or within cells in a
biofilm with fibre optics. There may be practical applica-
tions for this approach, not only in the analysis of
Geobacter populations in environments, such as the sub-
surface or on energy-harvesting electrodes, in which they
are abundant (Lovley et al., 2004; Lovley, 2006), but also
for other microbes that have high contents of c-type
cytochromes.
The results also support the hypothesis that the c-type
cytochromes in G. sulfurreducens and other Geobacter
species may represent an extracytoplasmic sink for
electron transfer, permitting short-term energy conserva-
tion from electron donor oxidation during periods when
Geobacter species are temporarily not in contact with an
Fe(III) oxide source in the subsurface. In Gram-negative
microorganisms, energy conservation from organic elec-
tron donors results from proton extrusion across the
inner membrane associated with transfer of electrons to
a suitable electron acceptor. In the case of extracellular
electron transfer, the key step for energy conservation is
electron transfer from inner-membrane electron transfer
components to the periplasm. Subsequent electron
transfer reactions in the periplasm, across the outer
membrane, and on the outer surface of the cell are
important to reoxidize the electron carriers that accept
electrons from inner-membrane components, but the
extracellular electron acceptors that are responsible for
this will not impact on the degree of energy conservation.
Fig. 2. Emission spectrum of Geobacter sulfurreducens, Pelobacter
carbonilus and Escherichia coli using an excitation wavelenght of
350 nm under anaerobic conditions.
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This is why, for example, Geobacter cell yields with
Fe(III) citrate and Fe(III) oxide are the same, despite
significant differences in the redox potentials of these
two electron acceptors.
In instances in which an extracellular electron acceptor
is not available, electron transfer from the inner mem-
brane to the periplasm can continue as long as the c-type
cytochromes in the periplasm and outer membrane are
A
B
C
Fig. 3. Autofluorescence images (100¥ magnification) of Geobacter sulfurreducens. Cells were placed in seal-frame chamber and excited in a
UV range of 340–380 nm. The fluorescence spectrum of the cells was also shown for every condition tested.
a. Cells (white arrows) with standard content in c-type cytochrome, embedded in anoxic agar.
b. Cells (white arrows) with lower content in c-type cytochrome, embedded in anoxic agar.
c. Cells with standard content in c-type cytochrome, embedded in aerobic agar where haem groups are oxidized.
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able to accept electrons. The results presented here
suggest that the electron-accepting capacity of the extra-
cytoplasmic cytochromes in G. sulfurreducens is suffi-
cient to permit continued energy conservation in the
absence of an extracellular electron acceptor for environ-
mentally relevant periods as Geobacter species move
from a zone depleted of Fe(III) oxide to a zone in which
Fe(III) oxide is available. For example, the maintenance
energy requirements for chemostat-grown G. sulfur-
reducens require an electron transfer of 19.0 ¥ 10-3 mol
electrons per gram dry weight of cells per hour (Esteve-
Núñez et al., 2005). Considering that 1 g dry weight
equals to approximately 1.6 ¥ 1012 cells, then the
electron-storage capacity of G. sulfurreducens reported
here (1.6 ¥ 10-17 mol electrons per cell) would be enough
to support such a maintenance metabolic rate for
approximately 8 min (time = electron-storage capacity/
maintenance energy rate) even when external sources of
electron acceptor are depleted.
Although planktonic Geobacter species in the subsur-
face may move with the advective groundwater flow, it
has also been proposed that chemotaxis towards iron
associated with flagellar-driven motility is an important
mechanism for Geobacter species to locate new sources
of Fe(III) oxide (Childers et al., 2002; Lovley et al., 2004).
These flagellar motors are generally powered by protons
moving down an electrochemical gradient (Berg, 2003;
Oster and Wang, 2003). The substantial electron-
accepting capacity in Geobacter would allow proton trans-
location, which, if devoted to flagellar rotation, could
permit Geobacter species to swim in absence of external
electron acceptor.
These considerations are difficult to verify experimen-
tally, but clearly suggest that a possible explanation for
why Geobacter species make such an investment in the
production of extracytoplasmic cytochromes and why
Geobacter species predominate in the subsurface over
closely related organisms, such as Pelobacter species,
that can reduce Fe(III) oxide, but do not have an extensive
complement of extracytoplasmic cytochromes. Further
support for this concept is the finding that the expression
of many extracytoplasmic c-type cytochrome genes is
increased during growth on either synthetic Fe(III) oxides
or sediment Fe(III) oxides versus growth on soluble
Fig. 4. In vivo oxidation of cytochromes c
with extracelular electron acceptors. At the
indicated times, 100 ml of the following
solutions was independently added to a cell
suspensions of G. sulfurreducens in absence
of electron donor and in the presence of
capsaicin (50 mM): 2 mM Fe(III)-citrate, 2 mM
Fe(II)-chloride, 1 mM fumarate, and
10 mmol l-1 amorphous Fe(III)-oxide.
Fig. 5. Reduction of the electron acceptor
9,10-anthraquinone-2,6-disulfonic acid
(AQDS) to its reduced form AHQDS, coupled
to the oxidation of Fe-haem from cytochromes
c using cell suspensions of G. sulfurreducens
in absence of electron donor and in the
presence of capsaicin (50 mM).
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electron acceptors, suggesting that Geobacter species
increase production of extracytoplasmic c-type cyto-
chromes during growth on insoluble electron acceptors
(D.E. Holmes et al., unpubl. data). Recent analyses
of G. sulfurreducens extracytoplasmiccytochromes (Pes-
sanha et al., 2004; Pokkuluri et al., 2004; Mowat and
Chapman, 2005; Londer et al., 2006) are also consistent
with this capacitor hypothesis, because they suggest that
these cytochromes are likely to participate in a electron-
harvesting process, such as the one proposed for the
small STC tetrahaeme cytochrome of Shewanella
oneidensis (Leys et al. 2002), rather than a predeter-
mined electron path along a haem wire with specific
points for entry and delivery. Now that the ability to fluo-
rescently monitor the redox status of c-type cytochromes
in Geobacter species has been established, this may
provide a useful method for further evaluating the role of
extracytoplasmic cytochromes in these organisms.
Experimental procedures
Culture of microorganisms
Geobacter sulfurreducens was anaerobically cultured in
chemostats under conditions in which the electron acceptor
fumarate was the factor limiting growth, as previously
described (Esteve-Núñez et al., 2005).
Fluorescence spectroscopy analysis
Flourescence analysis was performed with a fluorimeter
Fluorolog 3T (HORIBA Jobin Yvon) equipped with dual mono-
chromators and a temperature-regulated chamber. The pho-
tomultiplier tube was run at 950 V with the gain set in 1. The
readings for the detection of cytochromes were taken at
350 nm of excitation and 437 nm of emission with an integra-
tion time of 0.2 s and 7 nm slits. The scanning of emission
spectra was taken at 365–500 nm after exciting the sample at
350 nm with an integration time of 0.2 s and 5 nm slits. In
order to generate a excitation–emission matrix that fully char-
acterized the sample’s fluorescence, a scanning of emission
spectra (315–635 nm) for a defined set of excitation spectra
(300–500 nm) was performed with an integration time of 0.2 s
and 5 nm slits.
For remote detection assays, a 300-mm-thick G.
sulfurreducens film was located in a 65 ml seal-frame
chamber (Bio-Rad) topped with a glass cover. Fluorescence
spectra were detected with a random-bundle bifurcated
optical fibre (Spex skinskan manufactured by HORIBA Jobin
Yvon).
In order to examine oxidation of the c-type cytochromes
with potential electron acceptors, chemostat-grown
G. sulfurreducens was harvested with centrifugation (5000 r.
p.m., 15 min, 4°C), washed (30 mM bicarbonate buffer pH 7,
30 mM NaCl) and resuspended in the wash buffer. All steps
were under anaerobic conditions to avoid the oxidation of the
c-type cytochromes. Anoxic cell suspensions (3 ¥ 109
cells ml-1 in 3 ml of buffer in glass tubes sealed with a
septum) were excited at 350 nm and fluorescence emission
was recorded at 437 nm. At the indicated times, 100 ml of an
anoxic solution of one of the following was added: 2 mM
Fe(III)-citrate, 2 mM Fe(II)-chloride, 1 mM fumarate, and
10 mmol l-1 poorly crystalline Fe(III)-oxide.
In order to measure the electron storing capacity of the
cytochrome network, 1 mM AQDS was added to cell
suspensions. Anthrahydroquinone-2,6-disulfonate (AHQDS)
was detected with fluorimetry with excitation at 460 nm and
emission at 640 nm (Klapper et al., 2002) with an integration
time of 0.2 s and 10 nm slits. Standards of AHQDS were
prepared as previously described (Lovley et al., 1996).
Microscopy
Cells of G. sulfurreducens were embedded in anoxic agar
(2%) on glass slides within an anaerobic chamber, and cov-
erslips were sealed to the slides with nail polish prior to
removing the slides from the chamber. The slides were
observed with a Zeiss Axiovert 200M microscope, fitted with
a 63¥ oil Plan-Fluo objective and a 1.6¥ optivar. Cells were
A
C
B
Fig. 6. SDS-PAGE of Geobacter sulfurreducens cell extract.
a. Cytochrome c profile based on the haem-staining method.
b. 55Fe-containing proteins in G. sulfurreducens cells. White arrows
correspond to c-type cytochromes bonds.
c. Standard curve used for correlating the radioactive
measurements with Fe standards by Typhoon.
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excited within a range of 340–380 nm and fluorescence was
detected through a 400 nm beamspliter mirror (Chroma Tech-
nology, set 31000), followed by an emission filter of 435–
485 nm. The images were acquired with a high-resolution
digital camera ORCA-AG (Hamamatzu) controlled with
Openlab(R) software (Improvission).
55Fe assays to determine Fe-haem content
Geobacter sulfurreducens was cultured under fumarate-
respiring conditions in culture media supplemented with
10 mM 55FeCl3 (Perkin Elmer) with a specific activity of
0.8 mCi nmolFe-1. Cells were harvested, washed with 1 mM
EDTA to remove non-incorporated iron, and disrupted by
sonication. Cell-free extracts were analysed by SDS-PAGE
(50 mg protein lane-1) under non-reducing conditions
(absence of dithioerythriol and b-mercaptoethanol). The gel
was stained for the presence of c-type cytochromes with the
pyridine ferrohemochrome method (Berry and Trumpower,
1987). The gel was then dried and exposed in a Phospho-
rimager screen for 24 h. Ten-microlitre drops of different dilu-
tions from a labelled non-inoculated culture medium were
separately placed on a glass slide, dried, and exposed in the
same screen and at the same time as the protein gel, so that
the radioactivity from the slide could be used to make a
standard curve that correlated the radioactive counts with the
Fe content. Analysis of the protein content (Provenzano
et al., 1985) of a cell suspension of G. sulfurreducens
(3 ¥ 109 cells ml-1) indicated that each cell contains approxi-
mately 1.8 ¥ 10-7 mg protein. Thus, from this number, the
amount of protein loaded on the gel and the estimate of iron
in the haem proteins, the number of haem per cell, could be
calculated.
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Supplementary material
The following supplementary material is available for this
article online:
Fig. S1. Fluorescence titration of AHQDS. The arrows rep-
resent the consecutive addition of 100 ml of 1 mM AHQDS.
The fluorescence emitted at 630 nm was correlated with the
AHQDS concentration in the standard curve.
This material is available as part of the online article from
http://www.blackwell-synergy.com
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A T C NAT G G G C
10
G AATTG N A T T
20
TAG C G G C C G C
30
G AA T TC G T T T
40
A A A C C T GNC N
50
G G A N TA G T C C
60
C T T T C C C C A T
70
N NA AAA A T T C
80
GT G A G C T TG G
90
C G TA A T C
C A T G
100
GGT C A T A G C T
110
GCT T T C CGT G
120
TG T G A A A T T G
130
T T A T C C G C T C
140
A C A A T T C C A C
150
A C A A C A T N C G
160
A G C C G G A A G C
170
A TA A A G T G T A
180
A A G C C T G G G G
190
T G C
C C T A A T G A
200
G T G A G C T A A C
210
T C A C A T T A A T
220
T G C G T T G C G C
230
T C A C TG C C C G
240
C T T TC C A G T C
250
G G G A A AC C T G
260
TC G T G C C A G C
270
T G C A T T A A T G
280
A A T C G G C C A
290
A
290
C G C G C G G G G A
300
G A G G C G G T T T
310
G C G T A T T G G G
320
C G C T C T T C C G
330
C T T C C T C G C T
340
C A C T G A C T C G
350
C T G C G C T C G G
360
T C G T T C G G C T
370
G C G G C G A G C G
380
G T A T C A G C T
T C
390
A C T C A A AG G C
400
G G T A A T A C G G
410
T T A T C C A C A G
420
A A T C A G G G G A
430
T A A C G C A G G A
440
A A G A A C A T G T
450
G A G C A A A A G G
460
C C A G C A A A A G
470
G C C A G G A A C C
480
G T A A A A
176
File: /Users/jsosnik/Desktop/Mutagenesis Sequencing/10-24033806_ab1/m6-A1-M13F(-21)_R.ab1
Run ended:11:35AM Wed,Feb 04, 2009
(page 2)
AA G G C
490
C G C G T T G C T G
500
G C G T T T T T C C
510
A T A G G C T C C G
520
C C C C C C T G A C
530
G A G C A T C A C A
540
A A A A T C G A C G
550
C T C A A G T C A G
560
A G G T G G C G A A
570
A C C C G A C A G G
580
A C
T A T A A A G A
590
T A C C A G G C G T
600
T T C C C C C T G G
610
A A G C T C C C T C
620
G T G C G C T C T C
630
C T G T T C C G A C
640
C C T G C C G C T T
650
A C C G G A T A C C
660
T G T C C G C C T T
670
T C T C C C T T C G
680
680
G G A A G C G T G G
690
C G C T T T C T C A
700
T AG C T C A C G C
710
T G T A GG T A T C
720
T C A G T T C G G T
730
G T AG G T C G T T
740
C G C T C C AA G C
750
T N N N C T G T G T
760
G C A C G A A C C C
770
C C C G T T C AG
G C
780
C C G A C C G C T G
790
C G C C T TA T CC
800
G G T A A C T A T C
810
G T C T T G AG T C
820
CC AA C CC G G T
830
A A G A C A C G A C
840
T TA T C G C C A C
850
T G G NC AG C A G
860
C C A C TG G T A A
870
C A G G A T
T A G C
880
A G A G C G AG G T
890
A T G T AG G C GG
900
G T G C TA CCA N
910
A N T T C T T G A A
920
G T G GT G G G CC
930
T A A C T A C G G C
940
TA CN C TN A G A
950
A A G A A C A G TA
960
T T TGG G T A T C
970
TG C G C T N
177
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T N C
980
T N AAA N C C A N
990
T TTT ACC T TT
1000
C N G A A A A A A A
1010
ANT T G GTT N G
1020
C T TC T T G AN T
1030
C C G G C AA A A N
1040
A AA A C C NCC G
1050
CC TG G N AA N G
1060
G G T GGN T T T T
1070
T TT TG T T T G C
1080
CAA G C
CA AGCA
1090
178
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G T NT NC G A AC
10
GC G C G AGG C A
20
G A TC G TCA G T
30
CA G T CA C G A T
40
G A AT TA A G C T
50
T G A G C T C G A G
60
TC G A C C CA TG
70
G A C T A G C C G G
80
A G T C C C C G G C
90
C C G C A G
G C C A G
100
C C A T T G C G C G
110
C C A C C T G G C C
120
C G C C G A G G G C
130
C G G G C A G A C G
140
G G C T G A A C T G
150
TA G C A G C T C G
160
G C G A T CA A G G
170
A T T T G C A T C G
180
T T C C G A C A G T
190
190
T C G A G G C C G T
200
C A G G G T A G A G
210
C A C G C C G C G C
220
T T C T G G C G C C
230
G G G G T A G G C C
240
A G C A A T G T C C
250
G A G T C G T C G A
260
A G G G C A T G C A
270
C C C G G T G A C C
280
A T G A C G T
T A G A
290
G C A C A A C G C C
300
C A G G C T C C A C
310
A C G T C G T A T T
320
T C T T A G G G T C
330
G T A G G G G A T G
340
C C C A G G AG C A
350
C C T C A G G T G A
360
C G C A T A C G C G
370
G C C G A G C C G C
380
A G T A G G
T G G T
390
G C T C A G G T C T
400
G G G T A G C C G T
410
G C G C C T G G C G
420
G C C G A A A C C G
430
A A A T C C G T G A
440
T C T T G A C G C G
450
G C G C T C G T C A
460
G G G C T T A G C A
470
G C A C G T T T T C
480
G C A
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C T T G AG G
490
T C G C G G T G C A
500
C C A G G T G G T G
510
G T C G T G C A G G
520
T A G C G C A C G G
530
C G C C C G C G A T
540
C T G C G A G A A G
550
A G T T C G C G C G
560
C C T G C G A C C C
570
C G G G A T G C G
580
C
580
C C G T T G C G C T
590
G C A C T G C C T G
600
C A G C A G G T C G
610
G T G G C T G C T G
620
C C T C C A T C A C
630
G A T G T A C A G C
640
T T C C C A T T G C
650
A C A C T T C G A T
660
G A AC T C G A A A
670
A C G T G T A C
C G A
680
T G T G C G G G T G
690
C C G T A C T C C C
700
C G C A G G A T G G
710
A C A G C T C T C G
720
A G G C A G G A A C
730
T T G T T G A CG A
740
A G T C C G G A G G
750
C G C T C G C C G G
760
C G G T C C A C C A
770
C C T T G A
AT G G C
780
C A C C G T C C C T
790
T T A T A C T T C T
800
T G G A G G T G G C
810
C A C T T T C A C C
820
T T G G A G T A GC
830
T G C C C T C A CC
840
T A T C G T G C G G
850
C C C A G C T T A T
860
A G C C A A G T T C
870
G C T C A
A N G A G T
880
T T G T C G C C C G
890
A CA T T A G A A T
900
T CC A C C A C C A
910
CC A CC G G A A A
920
A TT C C N GG GG
930
A A T C CA C G C G
940
G A A C NA G A T N
950
C G A T TT T G G A
960
AG N A T G G T C G
970
C C A CC A
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C N A A
980
A CG T G G C T T G
990
C C A G C C C T G C
1000
A A A G GC C A T G
1010
C T A T A T A C T T
1020
G C T G G AN T T C
1030
ANG T A C TT A T
1040
C AA TT T G T G G
1050
G A TA N C T T C A
1060
A T A C G T T T T T
1070
N A A A N A A A C
1080
C T
1080
A A T T TN
181
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A T C T C A A TC G
10
G ATC TG G T T C
20
G C G TG G A TCC
30
C C G G G A AT T T
40
C C G G T G G T G G
50
T G G T G G A A T T
60
C TA A T G T C G G
70
G C G AC A A A C T
80
C C T G A G C G A A
90
C T T
T G G C T A T A
100
A G C T G G G C C G
110
C A C G A T A G G T
120
G A G G G C A G C T
130
A C T C C A A G G T
140
G A A A G T G G C C
150
A C C T C C A A G A
160
A G TA T A A A G G
170
G A C G G T G G C C
180
A T C A A G G T G
190
G G
190
T G G A C C G C C G
200
G C G A G C G C C T
210
C C G G A C T T C G
220
T C A A C A A G T T
230
C C T G C C T C G A
240
G A G C T G T C C A
250
T C C T G C G G G G
260
A G T A C G G C A C
270
C C G C A C A T C G
280
T A C A C G
G T T T T
290
C G A G T T C A T C
300
G A A G T G T G C A
310
A T G G G A A G C T
320
G T A C A T C G T G
330
A T G G A G G C A G
340
C A G C C A C C G A
350
C C T G C T G C A G
360
G C A G T G C A G C
370
G C A AC G G G C G
380
C A T C
C C C G G G G
390
T C G C A G G C G C
400
G C G A A C T C T T
410
C T C G C A G A T C
420
G C G G G C G C C G
430
T G C G C T A C C T
440
G C A C G A C C A C
450
C A C C T G G T G C
460
AC C G C G A C C T
470
C A A G T G C G A A
480
182
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480
A A C G T G C T G C
490
T A A G C C C T G A
500
C G A G C G C C G C
510
G T C A A G A T C A
520
C G G A T T T C G G
530
T T T C G G C C G C
540
C A G G C G C A C G
550
G C T A C C C A G A
560
C C T G A G C A C C
570
A C C T A C
T G C G
580
G C T C G G C C G C
590
G T A T G C G T C A
600
C C T G A G G T G C
610
T C C T G G G C A T
620
C C C C T A C G A C
630
C C T A A G A A A T
640
A C G A C G T G T G
650
G A G C C T G G G C
660
G T T G T G C T C T
670
A C G T C
C A T G G T
680
C A C C G G G T G C
690
A T G C C C T T C G
700
A C G A C T C G G A
710
C A T T G C T G G C
720
C T A C C C C G G C
730
G C C A G A AG C G
740
C G G C G T G C T C
750
T A C C C T G A C G
760
G C C T C G A A C T
770
G T C G
G G A A C G A
780
T G C A A A T C C T
790
T G A T C G C C G A
800
G C T G C T A C A G
810
T T C A G C C C G T
820
C T G C C C G G C C
830
C T C G G C G G G C
840
C A G G T G G C G C
850
G C AA T G G C T G
860
G C T G C G G G C C
870
G
G G G A C T C C G
880
G C T A G T CC A T
890
G G G TTC G A C T
900
C G A G C T C AA G
910
C T T A A T T C A T
920
C G T G A C T G A C
930
T G A C G A T C T G
940
C C T C G C G C G T
950
T T C G GT G A T G
960
A C G GT G AA A A
970
A
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C C T C TG A N A
980
CA T G C A G C T C
990
CC G G A A A A C G
1000
GT C AC A G C T T
1010
G T C T G T A A N C
1020
G N A TG C CG G G
1030
A NC A A A N A A G
1040
C C C G T C A G G G
1050
C N C G T C A N C G
1060
GN T G T TN G C N
1070
G G
G T G T CNG G G
1080
C CC C A A C N N T
1090
N A C C N A N T C A
1100
CG
184
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N NN N N NN N N N
10
N NN NN N N N N N
20
N C A N T C C T C T
30
T CA G A A AT G A
40
G C T T T T G C T C
50
CA T G G T G A G G
60
T C G C C CA A G C
70
T C T C C A T T T C
80
A T T CA A G T C C
90
T C T T CA G
A A A
100
T G A G C T T T T G
110
C T C C A T T T C A
120
T T C A A G T C C T
130
C T T C A G A A A T
140
G A G C T T T T GC
150
T C CA T T T CA T
160
T CA A G T C C T C
170
T T C A G A A A T G
180
A G C T T T T G C T
190
C C A T T T
C A T T
200
C A A G T C C T C T
210
T C A G A A A T G A
220
G C T T T T G C T C
230
C A T T T C A T T C
240
A A G T C C T C T T
250
C A G A A A T G A G
260
C T T T T G C T C C
270
A T A G C T T T A A
280
A T C G A T G G C C
290
G G A G
T C C C C G
300
G C C C G C A G C C
310
A G C C A T T G C G
320
C G C C A C C T G G
330
C C C G C C G A G G
340
G C C G G G C A G A
350
C G G G C T G A A C
360
T G T A G C A G C T
370
C G G C G A T C A A
380
G G A T T T G C A T
390
C G
T T C C G A C A
400
G T T C G A G G C C
410
G T C A G G G T A G
420
A G C A C G C C G C
430
G C T T C T G G C G
440
C C G G G G T A G G
450
C C A G C A A T G T
460
C C G A G T C G T C
470
G A A G G G C A T G
480
C A C C C G G T G A
490
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A
490
C C A T G A C G T A
500
G A G C A C A A C G
510
C C C A G G C T C C
520
A C A C G T C G T A
530
T T T C T T A G G G
540
T C G T A G G G G A
550
T G C C C A G G A G
560
C A C C T C A G G T
570
G A C G C A T A C G
580
C G G C C G A G
G C C
590
G C A G T A G G T G
600
G T G C T C A G G T
610
C T G G G T A G C C
620
G T G C G C C T G G
630
C G G C C G A A A C
640
C G A A A T C C G T
650
G A T C T T G A C G
660
C G G C G C T C G T
670
C A G G G C T T A G
680
C A G C
A C G T T T
690
T C G C A C T T G A
700
G G T C G C G G T G
710
C A C C A G G T G G
720
T G G T C G T G C A
730
G G T A G C G C A C
740
G G C G C C C G C G
750
A T C T G C G A G A
760
A G A G T T C G C G
770
C G C C T G C G A C
780
780
C C C G G G A T G C
790
G C C C G T T G C G
800
C T G C A C T G C C
810
T G C A G C AG G T
820
C G G T G G C T G C
830
T G C C T C C A T C
840
A C G A T G T A C A
850
G C T T C C C A T T
860
G C A C A C T T C G
870
A T G AA N
T C G A
880
A A A C G T G T A C
890
G A T G T G C G G G
900
T G C C G T A C T C
910
C C C G C A GG A T
920
G G A C A G C T C T
930
C G A G G C A N G
186
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N N N N N NNN N A
10
N C N N N N T N N N
20
NN N T NN T N N N
30
N GNNNN NN T G
40
T CA G G C G A CA
50
AA C T C C T G A G
60
C G AAC T T G G C
70
T A TA A G C T G G
80
G C C G CA C G AT
90
A G G T G A G G GC
100
A
G C TA C T C CA
110
A G G T G A A A GT
120
G GC C AC C T C C
130
A A G A A G T AT A
140
A A G G G A C G G T
150
G G C CA T C A A G
160
G T G G T G G AC C
170
G C C G G C G A G C
180
G C C T C C G G A C
190
T T C G T C A A CA
200
A G
G T T C C T G C C
210
T C G A G A GC T G
220
T C CA T C C T G C
230
G G G G A G T A C G
240
GC A C C C G C A C
250
A T C G T A C A C G
260
T T T T C G A G T T
270
C A T C G A A G T G
280
T G C A A T G G G A
290
A G C T G T A C A T
300
300
C G T G A T G G A G
310
G C A G C A G C C A
320
C C G A C C T G C T
330
G C A G G C A G T G
340
C A G C G C A A C G
350
G G C G C A T C C C
360
G G G G T C G C A G
370
G C G C G C G A A C
380
T C T T C T C G C A
390
G A T C G C G G
GG C
400
G C C G T G C G C T
410
A C C T G C A C G A
420
C CA C C A C C T G
430
G T G C A C C G C G
440
A C C T C A A G T G
450
C G A A A A C G T G
460
C T G C T A A G C C
470
C T G AC G A G C G
480
C C G C G T C A A G
490
A T C A C G
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G G A T T
500
T C G G T T T C G G
510
C C G C C A G G C G
520
C A C G G C T A C C
530
C A G A C C T G A G
540
C A C C A C C T A C
550
T G C G G C T C G G
560
C C G C G T A T G C
570
G T C A C C T G A G
580
G T G C T C C T G G
590
G C A
A T C C C C T A
600
C G A C C C T A A G
610
A A A T A C G A C G
620
T G T G G A G C C T
630
G G G C G T T G T G
640
C T C T A C G T C A
650
T G G T C A C C G G
660
G T G C A T G C C C
670
T T C G A C G A C T
680
C G G A C A T T G C
690
C
690
T G GC C T A C C C
700
C G G C G C C A G A
710
A G C G C G G C G T
720
G C T C T A C C C T
730
G A C G G C C T C G
740
A A C T G T C G G A
750
A C G A T G C AA A
760
T C C T T G A T C G
770
C C G A G C T G C T
780
A CA G T
T C A G C
790
C C G T C T G C C C
800
G G C C C T C G G C
810
G G G C C A G G T G
820
G C G C G C AA T G
830
G C T G G C T G C G
840
G G NCG G G G A C
850
T C C G G C C A T C
860
G A T T T A A A G C
870
T A T G G A G C A A
880
A
880
A A G C T C A T T T
890
C T G A A G A G G A
900
C T T G A A T G A A
910
A T GG A N C A A A
920
A G C T C A T T T C
930
T G AA G A G G A C
940
T T G AA T G A AA
950
T GG N G C N
188
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C AN TAA GC NC
10
T N G T TC TT TT
20
TGCAG GGAT C
30
CA TGN TCA G G
40
C GAACA A A C T
50
C C T G AG C G A A
60
C T T G G C T A T A
70
A G C TG G G C C G
80
C A C G A TA G G T
90
G A G G G C A G C
100
T
100
A C T C CA A G G T
110
G A A A G T G G C C
120
A C C T C C A A G A
130
A G T A TA A A G G
140
G A C G G TG G C C
150
A T C A TG G T G G
160
T G G A C C G C C G
170
G C G A G C G C C T
180
C C G G A C T T C G
190
TC A A
A C A A G T T
200
C C T G C C T C G A
210
G A G C T G T C C A
220
T C C T G C G G G G
230
A G T A C G G C A C
240
C C G C A C A T C G
250
T A C A C G T T T T
260
C G A G T T CA T C
270
G A A G T G T G C A
280
A T G G G A AG C T
290
G
290
G T A C A T C G T G
300
A T G G AG G C A G
310
C A G C C A C C G A
320
C C T G C T G C A G
330
G C A G T G C A G C
340
G C A A C G G G C G
350
C A T C C C G G G G
360
T C G C A G G C G C
370
G C G A A C T C T T
380
C T C G C A G A T C
390
390
G C G G G C G C C G
400
T G C G C T A C C T
410
G C A C G A C C A C
420
C A C C T G G T G C
430
A C C G C G A C C T
440
C A A G T G C G A A
450
A A C G T G C T G C
460
T A A G C C C T G A
470
C G A G C G C C G C
480
G T C A A G A T
189
File: /Users/jsosnik/Desktop/Mutagenesis Sequencing/10-28111413_ab1/Tssk6-K41M-SP6.ab1
Run ended: 9:11PM Wed,Jun 17, 2009
(page 2)
TC A
490
C G G A T T T C G G
500
T T T C G G C C G C
510
C A G G C G C A C G
520
G C T A C C C A G A
530
C C T G A G C A C C
540
A C C T A C T G C G
550
G C T C G G C C G C
560
G T A T G C G T C A
570
C C T G A G G T G C
580
T C C T
G G G C A T
590
C C C C T A C G A C
600
C C T A A G A A A T
610
A C G A C G T G T G
620
G A G C C T G G G C
630
G T T G T G C T C T
640
A C G T C A T G G T
650
C A C C G G G T G C
660
A T G C C C T T C G
670
A C G A C T C G G A
680
C A
T T G C T G G C
690
C T A C C C CG G C
700
G C C A G A A G C G
710
C G G C G T G C T C
720
T A C C C T G A C G
730
G C C T C G A A C T
740
G T C G G A AC G A
750
T G C A A A T C C T
760
T G A T C G C C G A
770
G C T G C T A C A G
780
T
T T C A G C C C G T
790
C T G C C C G G C C
800
C T C G G C G G G C
810
C A G G T G G CG C
820
G C A A T G G C T G
830
G C T G C G G G C C
840
G G GG A C T CC G
850
G C C A T C G A T T
860
T A A A G C T A T G
870
G A G C A A AA G C
880
T
T C A T T T C T G A
890
A G A G G A C T T G
900
A AT G A A A T G G
910
A G C A A A A G C T
920
CA T T T C T G A A
930
A N G A N T T G A A
940
T G A AA T G G A N
950
C A A A G C T C A T
960
T T C T G A A A N G
970
AC T T G A NTG A
980
A
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T G G A G C A A A
990
G C T C A T T T C T
1000
G A A A N G A C T N
1010
A AT G AA A T G G
1020
A N C A A A G C T C
1030
A T T N T G A A A N
1040
G A N T G A NTG A
1050
A T G G A A A C T G
1060
G G C N A C T C N C
1070
A T G G A C A A A A
1080
1080
C T C N T T N T G A
1090
A A G A N T N AN T
1100
T A G G N C T T C N
1110
A C CTN T A A A N
1120
T N N NN G N T CN
1130
N A T A C N T A A T
1140
C C N A N T G N A A
1150
A A N N T T N
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C A N A AG C TN C
10
T T G T T CT T T T
20
TGCAG G A TCC
30
A TG NT CAG G C
40
G ACA A A C T C C
50
T G A G C G A A C T
60
TG G C TA TA A G
70
C T G G G C C G C A
80
C G A TA G G T G A
90
G G G C A G C G A
A G
100
TC C A A G G T G A
110
A A G TG G C C A C
120
C T C CA A G A A G
130
T A TA A A G G G A
140
C G G TG G C C A T
150
C A A G G T G G T G
160
G A C C G C C G G C
170
G A G C G C C T C C
180
G G A C T T C G T C
190
A A C A
A A G T T C C
200
T G C C T C G A G A
210
G C T G T C C A T C
220
C T G C G G G G A G
230
T A C G G C A C C C
240
G C A C A T C G T A
250
C A C G T T T T C G
260
A G T T C A T C G A
270
A G T G T G C A A T
280
G G G A A G C T G T
290
290
A C A T C G T G A T
300
G G A G G C A G C A
310
G C C A C C G A C C
320
T G C T G C AG G C
330
A G TG C A G C G C
340
A A C G G G C G C A
350
T C C C G G G G T C
360
G C A G G C G C G C
370
G A A C T C T T C T
380
C G C A G A T C G C
390
C
390
G G G C G C C G T G
400
C G C T A C C T G C
410
A C G A C C A C C A
420
C C T G G T G C A C
430
C G C G A C C T C A
440
A G T G C G A A A A
450
C G T G C T G C T A
460
A G C C C T G A C G
470
A G C G C C G C G T
480
C A A G A T C
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A C G
490
G A T T T C G G T T
500
T C G G C C G C C A
510
G G C G C A C G G C
520
T A C C C A G A C C
530
T G A G C A C C A C
540
C T A C T G C G G C
550
T C G G C C G C G T
560
A T G C G T C A C C
570
T G A G G T G C T C
580
C T G G
G G C A T C C
590
C C T A C G A C C C
600
T A A G A A A T A C
610
G A C G T G T G G A
620
G C C T G G G C G T
630
T G T G C T C T A C
640
G T C A T G G T C A
650
C C G G G T G C A T
660
G C C C T T C G A C
670
G A C T C G G A C A
680
T T
T G C T G G C C T
690
A C C C C G G C G C
700
C A G A A G C G C G
710
G C G T G C T C T A
720
C C C T G A C G G C
730
C T C G A AC T G T
740
C G G A A C G A T G
750
C A A A T C C T T G
760
A T C G C C G A G C
770
T G C T A C A G T T
780
C
A G C CC G T C T
790
G C C C G G C C C T
800
C G G C G G G C C A
810
G G T G G C G C G C
820
AA T G G C T G G C
830
T G C G G G C C G G
840
G G A C T C C G G C
850
C A T C G A T T T A
860
A A G C T A T GG A
870
GC A A A AG C T C
880
A T T T
T C T G A A A
890
A G G A CT T G A A
900
T G A A T G G A G C
910
A A AA G C T C A T
920
TT C T G A A GA N
930
G A C T TG A A T G
940
A A T G G A N C A A
950
A A GC T CA T T T
960
TT N A A A G G AC
970
T T G A AT G A AA
980
T G G A G C A A
193
File: /Users/jsosnik/Desktop/Mutagenesis Sequencing/tssk6 mutagenesis/mTSSK6_Y23E-SP6.ab1
Run ended: 9:57PM Thu,Sep 03, 2009
(page 3)
A G
990
C T C AT T TN T G
1000
A A AA G A C T N N
1010
A TG AA A T G G A
1020
C A AA G C T C N T
1030
T N T G A A A AG A
1040
NT T A A T G A A T
1050
G A A A N N T G GG
1060
C N A C T N C C A T
1070
G G N C A A A G N T
1080
A T T N T N A A A
A G
1090
A T N A N T N A N G
1100
NC TC TC N N C T
1110
T A A N T N N T G A
1120
TC N T T N C T A A
1130
T C C A A TG A AA
1140
A N N T T G G G A T
1150
T G N A A AC C N A
1160
C T A A T G G G G A
1170
A A A N G T T T T T
1180
G G A A
T N G G A G
1190
C N T G N T T T T T
1200
AA N T NA A C N
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C A N A AG C TN C
10
T T G T T CT T T T
20
TGCAG G A TCC
30
A TG NT CAG G C
40
G ACA A A C T C C
50
T G A G C G A A C T
60
TG G C TA TA A G
70
C T G G G C C G C A
80
C G A TA G G T G A
90
G G G C A G C G A
A G
100
TC C A A G G T G A
110
A A G TG G C C A C
120
C T C CA A G A A G
130
T A TA A A G G G A
140
C G G TG G C C A T
150
C A A G G T G G T G
160
G A C C G C C G G C
170
G A G C G C C T C C
180
G G A C T T C G T C
190
A A C A
A A G T T C C
200
T G C C T C G A G A
210
G C T G T C C A T C
220
C T G C G G G G A G
230
T A C G G C A C C C
240
G C A C A T C G T A
250
C A C G T T T T C G
260
A G T T C A T C G A
270
A G T G T G C A A T
280
G G G A A G C T G T
290
290
A C A T C G T G A T
300
G G A G G C A G C A
310
G C C A C C G A C C
320
T G C T G C AG G C
330
A G TG C A G C G C
340
A A C G G G C G C A
350
T C C C G G G G T C
360
G C A G G C G C G C
370
G A A C T C T T C T
380
C G C A G A T C G C
390
C
390
G G G C G C C G T G
400
C G C T A C C T G C
410
A C G A C C A C C A
420
C C T G G T G C A C
430
C G C G A C C T C A
440
A G T G C G A A A A
450
C G T G C T G C T A
460
A G C C C T G A C G
470
A G C G C C G C G T
480
C A A G A T C
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A C G
490
G A T T T C G G T T
500
T C G G C C G C C A
510
G G C G C A C G G C
520
T A C C C A G A C C
530
T G A G C A C C A C
540
C T A C T G C G G C
550
T C G G C C G C G T
560
A T G C G T C A C C
570
T G A G G T G C T C
580
C T G G
G G C A T C C
590
C C T A C G A C C C
600
T A A G A A A T A C
610
G A C G T G T G G A
620
G C C T G G G C G T
630
T G T G C T C T A C
640
G T C A T G G T C A
650
C C G G G T G C A T
660
G C C C T T C G A C
670
G A C T C G G A C A
680
T T
T G C T G G C C T
690
A C C C C G G C G C
700
C A G A A G C G C G
710
G C G T G C T C T A
720
C C C T G A C G G C
730
C T C G A AC T G T
740
C G G A A C G A T G
750
C A A A T C C T T G
760
A T C G C C G A G C
770
T G C T A C A G T T
780
C
A G C CC G T C T
790
G C C C G G C C C T
800
C G G C G G G C C A
810
G G T G G C G C G C
820
AA T G G C T G G C
830
T G C G G G C C G G
840
G G A C T C C G G C
850
C A T C G A T T T A
860
A A G C T A T GG A
870
GC A A A AG C T C
880
A T T T
T C T G A A A
890
A G G A CT T G A A
900
T G A A T G G A G C
910
A A AA G C T C A T
920
TT C T G A A GA N
930
G A C T TG A A T G
940
A A T G G A N C A A
950
A A GC T CA T T T
960
TT N A A A G G AC
970
T T G A AT G A AA
980
T G G A G C A A
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A G
990
C T C AT T TN T G
1000
A A AA G A C T N N
1010
A TG AA A T G G A
1020
C A AA G C T C N T
1030
T N T G A A A AG A
1040
NT T A A T G A A T
1050
G A A A N N T G GG
1060
C N A C T N C C A T
1070
G G N C A A A G N T
1080
A T T N T N A A A
A G
1090
A T N A N T N A N G
1100
NC TC TC N N C T
1110
T A A N T N N T G A
1120
TC N T T N C T A A
1130
T C C A A TG A AA
1140
A N N T T G G G A T
1150
T G N A A AC C N A
1160
C T A A T G G G G A
1170
A A A N G T T T T T
1180
G G A A
T N G G A G
1190
C N T G N T T T T T
1200
AA N T NA A C N
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CAATA AG CCN
10
C T T G T TCT T T
20
T TG CA G G A TC
30
CA TG T CAG G C
40
G AC AA A C T C C
50
T G AG C G A A C T
60
TG G C TA TA A G
70
C T G G G C C G C A
80
C G A T A G G T G A
90
G G G C A G C T
T A C
100
T C C A A G G T G A
110
A A G T G G C C A C
120
C T C C A A G A A G
130
T A T A A A G G G A
140
C G G T G G C C A T
150
C A A G G T G G T G
160
G A C C G C C G G C
170
G A G C G C C T C C
180
G G A C T T C G T C
190
A A C
C A A G T T C C
200
T G C C T C G A G A
210
G C T G T C C A T C
220
C T G C G G G G A G
230
T A C G G C A C C C
240
G C A C A T C G T A
250
C A C G T T T T C G
260
A G T T C A T C G A
270
A G T G T G C A A T
280
G G G A A G C T G
290
T
290
A CA T C G T G G C
300
G G A G G C A G C A
310
G C C A C C G A C C
320
T G C T G C A G G C
330
A G T G C A G C G C
340
A A C G G G C G C A
350
T C C C G G G G T C
360
G C A G G C G C G C
370
G A A C T C T T C T
380
C G C A G A T C G
390
G C
390
G G G C G C C G T G
400
C G C T AC C T G C
410
A C G A C C A C C A
420
C C T G G T G C A C
430
C G C G A C C T C A
440
A G T G C G A A A A
450
C G T G C T G C T A
460
A G C C C T G A C G
470
A G C G C C G C G T
480
C A A G A T
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C A C G
490
G A T T T C G G T T
500
T C G G C C G C C A
510
G G C G C A C G G C
520
T A C C C A G A C C
530
T G A G C A C C A C
540
C T A C T G C G G C
550
T C G G C C G C G T
560
A T G C G T C A C C
570
T G A G G T G C T C
580
C T
G G G C A T C C
590
C C T A C G A C C C
600
T A A G A A A T A C
610
G A C G T G T G G A
620
G C C T G G G C G T
630
T G T G C T C T A C
640
G T C A T G G T C A
650
C C G G G T G C A T
660
G C C C T T C G A C
670
G A C T C G G A C A
680
T
680
T T G C T G G C C T
690
A C C C C G G C G C
700
C A G A AG C G C G
710
G C G T G C T C T A
720
C C C T G A C G G C
730
C T C G A A C T G T
740
C G G A AC G A T G
750
C A A A T C C T T G
760
A T C G C C G A G C
770
T G C T A C A G T
780
T
780
C A G C C C G T C T
790
G C C C G G C C C T
800
C G G C G G G C C A
810
G G T G G C G C G C
820
A A T G G C T TG G
830
C T G C G G G C C G
840
G G G A C T CC G G
850
C C A T C G A T T T
860
A A A G C T A T G G
870
A G C A A A A G
C T
880
CA T T T C T G A A
890
G A G G A C T T G A
900
A T G A AA T G G A
910
GC A A A A G C T C
920
A T T T C T G AA N
930
A G GA C T T G A A
940
T G A AA T G G A G
950
C A A A A G C T CA
960
T T T C T G A A N A
970
G GA C T T G A A T
980
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980
G A AA T G G A G C
990
A A A G C T CA T T
1000
T C T G A A N A G N
1010
A C T NG A A T GA
1020
A A T G G A N C A A
1030
A N C T C A T T T T
1040
N A AA A A G A C T
1050
N A A T G A A A T G
1060
G A A A N C T T G G
1070
G C N A C T C C
C N
1080
N
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C ANAA AG CCN
10
C T T G T TCT T T
20
T TGCA G G A TC
30
CA T G T CA G G C
40
G AC AA A C T C C
50
T G AG C G A A C T
60
T G G C TA TA A G
70
C T G G G C C G C A
80
C G A T A G G T G A
90
G G G C A G C T
TA C
100
TC C A A G G T G A
110
A A G T G G C C A C
120
C T C CA A G A A G
130
T A T A A A G G G A
140
C G G T G G C C A T
150
C A A G G T G G T G
160
G A C C G C C G G C
170
G A G C G C C T C C
180
G G A C T T C G T C
190
A A C
A A G T T C C
200
T G C C T C G A G A
210
G C T G T C C A T C
220
C T G C G G G G A G
230
T A C G G C A C C C
240
G C A C A T C G T A
250
C A C G T T T TC G
260
A G T T C A T C G A
270
A G T G T G C A A T
280
G G G A A G C T G T
290
T
290
A C A T C G T G G G
300
G G A G G C A G C A
310
G C C A C C G A C C
320
T G C T G C A G G C
330
A G T G C A G C G C
340
A A C G G G C G C A
350
T C C C G G G G T C
360
G C A G G C G C G C
370
G A A C T C T T C T
380
C G C A G A T C G
390
C
390
G G G C G C C G T G
400
C G C T A C C T G C
410
A C G A C C A C C A
420
C C T G G T G C A C
430
C G C G A C C T C A
440
A G T G C G A A A A
450
C G T G C T G C T A
460
A G C C C T G A C G
470
A G C G C C G C G T
480
C A A G A T C
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C A C G
490
G A T T T C G G T T
500
T C G G C C G C C A
510
G G C G C A C G G C
520
T A C C C A G A C C
530
T G A G C AC C A C
540
C T A C T G C G G C
550
T C G G C C G C G T
560
A T G C G T C A C C
570
T G A G G T G C T C
580
C T G
G G G C A T C C
590
C C T A C G A C C C
600
T A A G A A A T A C
610
G A C G T G T G G A
620
G C C T G G G C G T
630
T G T G C T C T A C
640
G T C A T G G T C A
650
C C G G G T G C A T
660
G C C C T T C G A C
670
G A C T C G G A C A
680
T
T T G C T G G C C T
690
A C C C C G G C G C
700
C A G A A G C G C G
710
G C G T G C T C T A
720
C C C T G A C G G C
730
C T C G A A C T G T
740
C G G A A C G A T G
750
C A A A T C C T T G
760
A T C G C C G A GC
770
T G C T A C A G T T
780
T
780
C A G C C C G T C T
790
G C C C G G C C C T
800
C G G C G G G C C A
810
G G T G G C G C G C
820
A A T G G C T G G C
830
T G C G G G C C G G
840
G G A C T CC G G C
850
C A T C G A T T T A
860
A NG C T A T G G A
870
G C A A A A G C T
T C
880
A T T T C T G A A G
890
A G G A C T T G A A
900
T G A AA T G G A G
910
C A A AA G C T CA
920
T T T C T G A A G A
930
G G A CT T G A A T
940
G AA A T G G A N C
950
A AA A G C T CA T
960
T T C T G A A A A G
970
A N T T G A A T G
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G A
980
A T G G A N C A A A
990
G C T CA T T T C T
1000
G A A A A G A C T T
1010
G A AT G A AA TG
1020
G A N C AA A AGC
1030
T C N T T T T G A A
1040
AA G A N T TG A A
1050
T G A AAT G G A A
1060
A N C T T G G G C A
1070
A C T C N C A T
TG G
1080
A C
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C A A A AG C NC T
10
N G T TCT T T TT
20
GCAG G AT CCA
30
TGN TC AG G C G
40
A CAA A C T C C T
50
G A G C G A A C T T
60
G G C T A T A A G C
70
T G G G C C G C A C
80
G A T AG G T G A G
90
G G C A G C T
TA C T
100
C C A A G G TG A A
110
A G TG G C C A C C
120
T C C A A G A A G T
130
A T A A A G G G A C
140
G G T G G C C A T C
150
A A G G TG G T G G
160
A C C G C C G G C G
170
A G C G C C T C C G
180
G A C T T C G T C A
190
A C
CA A G T T C C T
200
G C C T C G A G A G
210
C T G T C C A T C C
220
T G C G G G G A G T
230
A C G G C A C C C G
240
C A C A T C G T A C
250
A C G T T T T C G A
260
G T T CA T C G A A
270
G T G T G C A A T G
280
G G A A G C T G T
290
T A
290
C A T C G T G A T G
300
G A G G C A G C A G
310
C C A C C G A C C T
320
G C T G C A G G C A
330
G TG C A G C G C A
340
A C G G G C G C A T
350
C C C G G G G T C G
360
C AG G C G C G C G
370
A A C T C T T C T C
380
G C A G A T C G
C G
390
G G C G C C G T G C
400
G C T A C C T G C A
410
C G A C C A C C A C
420
C T G G T G C A C C
430
G C G A C C T C A A
440
G T G C G A A A A C
450
G T G C T G C T A A
460
G C C C T G A C G A
470
G C G C C G C G T C
480
A A G A T
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C A C G G
490
AT T T C G G T T T
500
C G G C C G C C A G
510
G C G C A C G G C T
520
A C C C A G A C C T
530
G A G C AC C G A C
540
T A C T G C G G C T
550
C G G C C G C G T A
560
T G C G T C A C C T
570
G A G G T G C T C C
580
T G
G G G C A T C C C
590
C T A C G A C C C T
600
A A G A A A T A C G
610
A C G T G T G G A G
620
C C T G G G C G T T
630
G T G C T C T A C G
640
T C A T G G T C A C
650
C G G G T G C A T G
660
C C C T T C G A C G
670
A C T C G G A C A T
680
T
680
T G C T G G C C T A
690
C C C C G G C G C C
700
A G A A G C G C G G
710
C G T G C T C T A C
720
C C T G A C G G C C
730
T C G A A C T G T C
740
G G A A C G A T G C
750
A A A T C C T T G A
760
T C G C C G A G C T
770
G C T A C A G T T
T C
780
A G C C C G T C T G
790
C C C G G C C C T C
800
G G C G G G C C A G
810
G T G G C G C G C A
820
A T G G C T G G C T
830
G C G G G C C G G G
840
G A C T CC G G C C
850
A T C G A T T T AA
860
A G C T A T G G A G
870
C A A A A G C T
T C A
880
T T T C T G A A G A
890
G G A C T T G AA T
900
G AA A T G G A GC
910
A A AA G C T CA T
920
T T C T G A A G A G
930
G A C TT G A A T G
940
A AA T G G A G C A
950
A A A G C T CA T T
960
T C T G A A AA G G
970
A C TT G A A T G
980
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A
980
A T G G A G C A A A
990
G C T C A T T TC T
1000
G A A A A G NA C T
1010
T G A A TG A A T G
1020
G A N C A A A G C T
1030
C A T TT T G A A A
1040
A G A C T T G A TG
1050
A A T G G A A N C T
1060
GG G C G A C T CN
1070
CN
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CAATA AG C NC
10
T T G T TCT T T T
20
TGCAG G AT CC
30
A TGN TCA G G C
40
G ACA A A C T C C
50
T G A G C G A A C T
60
T G G C TA T A A G
70
C T G G G N C G C A
80
C G A T A G G TG A
90
G G G C A G C
T AC
100
T C CA A G G T G A
110
A A G T G G C C A C
120
C T C CA A G A A G
130
T A TA A A G G G A
140
C G G TG G C C A T
150
C A A G G T G G T G
160
G A C C G C C G G C
170
G A G C G C C T C C
180
G G A C T T C G T C
190
A A
C A A G T T C C
200
T G C C T C G A G A
210
G C T G T C C A T C
220
C T G C G G G G A G
230
T A C G G C A C C C
240
G C A C A T C G T A
250
C A C G T T T T C G
260
A G T TC A T C G A
270
A G T G T G C A A T
280
G G G A A G C T G
290
G T
290
A C A T C G T G A T
300
G G A G G C A G C A
310
G C C A C C G A C C
320
TG C T G C A G G C
330
A G T G C A G C G C
340
A A C G G G C G C A
350
T C C C G G G G T C
360
G C A G G C G C G C
370
G A A C T C T T C T
380
C G C A G A T C G
G C
390
G G G C G C C G T G
400
C G C T A C C T G C
410
A C G A C C A C C A
420
C C T G G T G C A C
430
C G C G AC C T C A
440
A G T G C G A A A A
450
C G T G C T G C T A
460
A G C C C T G A C G
470
A G C G C C G C G T
480
C A A G A T
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T C A C G
490
G A T T T C G G T T
500
T C G G C C G C C A
510
G G C G C A C G G C
520
T A C C C A G A C C
530
T G A G C A C C G C
540
C T A C T G C G G C
550
T C G G C C G C G T
560
A T G C G T C A C C
570
T G A G G T G C T C
580
C T
T G G G C A T C C
590
C C T A C G A C C C
600
T A A G A A A T A C
610
G A C G T G T G G A
620
G C C T G G G C G T
630
T G T G C T C T A C
640
G T C A T G G T C A
650
C C G G G T G C A T
660
G C C C T T C G A C
670
G A C T C G G A CA
680
A
680
T T G C T G G C C T
690
A C C C C G G C G C
700
C A G A A G C G C G
710
G C G T G C T C T A
720
C C C T G A CG G C
730
C T C G A A C T G T
740
C G G A A C G A T G
750
C A A A T C C T T G
760
A T C G C C G A G C
770
T G C T A C A G T
780
T
780
C A G C C C G T C T
790
G C C C G G C C C T
800
C G G C G G G C C A
810
G G T G G C G C G C
820
AA T G G C T G G C
830
T G C G G G C C G G
840
G G A C T C C G G C
850
C A T C G A T T T A
860
A A G C T A T G G A
870
G C A A A A G C
T C
880
A T T T C T G A A G
890
A G G A CT T G AA
900
T G A AA T G G A G
910
C A A AA G C T CA
920
T T T C T G A A G A
930
G G AC T T G A A T
940
G AAA T G G A G C
950
A AA A G C T CA T
960
TT C T G AA G A G
970
G AC T T G A A T G
980
A
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AA A T G G A G C A
990
A A G C T C A T TT
1000
C TG A A A G G AC
1010
T T G A NT G AA A
1020
T G G A G C A A A G
1030
C T CA T T T C T G
1040
A A A AG A C T N A
1050
A T G A AA T G G A
1060
A A C T T G G G C N
1070
A C T C N C A N
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CAN AAA GC NC
10
T T G T T CT T T T
20
TGCAG G A TCC
30
A TGN TCA G G C
40
G A CAA A C T C C
50
T G A G C G A A C T
60
TG G C TA TA A G
70
C T G G G C C G C A
80
C G A T A G G T G A
90
G G G C A G C TA
100
A C
100
T C C A A G G T G A
110
A A G TG G C CA C
120
C T C CA A G A A G
130
T A T A A A G G G A
140
C G G TG G C CA T
150
C A A G G T G G T G
160
G A C C G C C G G C
170
G A G C G C C T C C
180
G G A C T T C G T C
190
A A C A
A A G T T C C
200
T G C C T C G A G A
210
G C T G T C C A T C
220
C T G C G G G G A G
230
T A C G G C A C C C
240
G C A C A T C G T A
250
C A C G T T T TC G
260
A G T T C A T C G A
270
A G TG T G C A A T
280
G G G A A G C T G T
290
A
290
A C A T C G T G A T
300
G G A G G C A G C A
310
G C C A C C G A C C
320
T G C T G C A G G C
330
A G T G C A G C G C
340
A A C G G G C G C A
350
T C C C G G G G T C
360
G C A G G C G C G C
370
G A A C T C T T C T
380
C G C A G A T C G C
390
C
390
G G G C G C C G T G
400
C G C T AC C T G C
410
A C G A C C A C C A
420
C C T G G T G C A C
430
C G C G A C C T C A
440
A G T G C G A A A A
450
C G T G C T G C T A
460
A G C C C T G A C G
470
A G C G C C G C G T
480
C A A G A T C
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CA C G
490
G A T T T C G G T T
500
T C G G C C G C C A
510
G G C G C A C G G C
520
T A C C C A G A C C
530
T G A G C G C C G C
540
C T A C T G C G G C
550
T C G G C C G C G T
560
A T G C G T C A C C
570
T G A G G T G C T C
580
C T G
G G G C A T C C
590
C C T A C G A C C C
600
T A A G A A A T A C
610
G A C G T G T G G A
620
G C C T G G G C G T
630
T G T G C T C T A C
640
G T C A T G G T C A
650
C C G G G T G C AT
660
G C C C T T C N A C
670
G A C T C G G A CA
680
T
T G C T G G C C T
690
AC C C C G G C G C
700
C A G A A N C G C G
710
G C G T G C T C T A
720
C C C T G A C G G C
730
C T C N A A C T G T
740
C N G A A C G A T G
750
C A A A T C C T T G
760
A T C N C C N A N C
770
T G C T A C A N T T
780
C
780
C A N C CC G T C T
790
G C C C N G N C C T
800
C N N N N G N N N A
810
N N T G N N N C N N
820
A A T G N N T G N N
830
T G C N N N N N N N
840
N N A N T N N N N N
850
N N T N N N TT T N
860
N N N N T N N N N A
870
N N A N A N N TN
880
N
880
T T T N N N A N N A
890
N N A N T T N N N N
900
N AN N N N N A N N
910
N N N N N N N N N T
920
T T N N N A N N A N
930
N A N TT N N N N N
940
N N N N N N N N N N
950
N N N N N N N N T T
960
T N N N A N N N N N
970
N N N T N N N N N N
980
N N
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NN N N N N N N N
990
N N N N N N N NT T
1000
N N N A N N N N N N
1010
N T N N N N N N N N
1020
N N N NN N NN N N
1030
N N N N N NT T N N
1040
N A N N N N N N N T
1050
N N N N N N N N N N
1060
N N N N N N N N N N
1070
N N N N N N N N N N
1080
N N N N N N
NN N N N
1090
N N N N T T N N N N
1100
A
212
File: /Users/jsosnik/Desktop/Mutagenesis Sequencing/10-27737467_ab1/Tssk6-T169A+T170A+Y171F-SP6.ab1
Run ended: 2:25AM Sat,Jun 06, 2009
(page 1)
NN N N NN N C NN
10
N T T N N T C T T T
20
T T GCN G G AN C
30
CN T G T CA G G C
40
G ACA A A C T C C
50
T G A G C G A A C T
60
T G G C T A T A A G
70
C T G G G C C G C A
80
C G A T A G G T G A
90
G G G C
C A G C T A C
100
T C C A A G G T G A
110
A A G T G G C C A C
120
C T C C A A G A A G
130
T AT A A A G G G A
140
C G G T G G C C A T
150
C A A G G T G G T G
160
G A C C G C C G G C
170
G A G C G C C T C C
180
G G AC T T C G T C
190
A A C
CA A G T T C C
200
T G C C T C G A G A
210
G C T G T C C A T C
220
C T G C G G G G A G
230
T AC G G C A C C C
240
G C A C A T C G T A
250
C A C G T T T T C G
260
A G T T C A T C G A
270
A G T G T G C A A T
280
G G G A A G C T G T
290
A
C A T C G T G A T
300
G G A G G C A G C A
310
G C C A C C G A C C
320
T G C T G C A G G C
330
A G T G C A G C G C
340
A A C G G G C G C A
350
T C C C G G G G T C
360
G C A G G C G C G C
370
G A A C T C T T C T
380
C G C A G A T C G
390
GC
390
G G G C G C C G T G
400
C G C T A C C T G C
410
A C G A C C A C C A
420
C C T G G T G C A C
430
C G C G A C C T C A
440
A G T G C G A A A A
450
C G T G C T G C T A
460
A G C C C T G A C G
470
A G C G C C G C G T
480
C A A G A T C
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CA C G
490
G A T T T C G G T T
500
T C G G C C G C C A
510
G G C G C A C G G C
520
T A C C C A G A C C
530
T G A G C G C C G C
540
C T T C T G C G G C
550
T C G G C C G C G T
560
A T G C G T C A C C
570
T G AG G T G C T C
580
C T G G
G C A T C C
590
C C T A C G AC C C
600
T A A G A A AT A C
610
G A C G T G T G G A
620
G C C T G G G C G T
630
T G T G C T C T A C
640
G T C A T G G T C A
650
C C G G G T G C A T
660
G C C C T T C G A C
670
G A C T C G G A C A
680
T
680
T T G C T G G C C T
690
A C C C C G G C G C
700
C A G A A G C G C G
710
G C G T G C T C T A
720
C C C T G A C G G C
730
C T C G A A C T G T
740
C G G A A C G A T G
750
C A A A T C C T T G
760
A T C G C C G A G C
770
T G C T A
A C A G T T
780
C A G C C C G T C T
790
G C C C G G C C C T
800
C G G C G G G C C A
810
G G T G G C G C G C
820
A A T G G C T G G C
830
T G C G G G C C G G
840
G G A C T C C G G C
850
C A T C G A T T T A
860
A A G C T A T
T G G A
870
G C A A A A G C T C
880
A T T T C T G AA G
890
A G G A C T T G A A
900
T G A A A TG G N N
910
C A A A A G C T C A
920
T T T C T G AA G A
930
G G A C T T G A A T
940
G A A A T GG A N C
950
A A A G C T
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T C A T T
960
T N T G A N A GG A
970
C TT G NA T G NA
980
A T GG N N C A A A
990
N C T C N T T T N T
1000
G A N A N N N TT N
1010
N N G A N T N N N C
1020
A A A N C T C N T T
1030
N N T G A N
A G N A
1040
N N N N A N G A A A
1050
N G N N N N C TN G
1060
G G N N N
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C A N A A G C N C T
10
T G T TC T T TT T
20
GCAG G A T CCA
30
TG N TCA G G C G
40
AC AA A C T C C T
50
G A G C G A A C T T
60
G G C T A T A A G C
70
T G G G C N G C A C
80
G A TA G G TG A G
90
G G C A G C
TA C T
100
C C A A G G TG A A
110
A G T G G C C A C C
120
T C C A A G A A G T
130
A T A A A G G G A T
140
G G T G G C CA T C
150
A A G G T G G T G G
160
AC C G C C G G C G
170
A G C G C C T C C G
180
G A C T T C G TC A
190
A
190
A C A A G T T C C T
200
G C C T C G A G A G
210
C T G T C CA T C C
220
T G C G G G G A G T
230
A C G G C A C C C G
240
C A C A T C G T A C
250
A C G T T T T C G A
260
G T T C A T C G A A
270
G T G TG C A A T G
280
G G A A G C T G
G T A
290
C A T C G T G A T G
300
G A G G C A G C A G
310
C C A C C G A C C T
320
G C T G CA G G C A
330
G T G C A G C G C A
340
AC G G G C G C A T
350
C C C G G G G T C G
360
C A G G C G C G C G
370
A A C T C T T C T C
380
G C A G A T C G
G C G
390
G G C G C C G T G C
400
G C T A C C T G C A
410
C G A C C A C C A C
420
C T G G T G C A C C
430
G C G A C C T C A A
440
G T G C G A A A A C
450
G T G C T G C T A A
460
G C C C T G A C G A
470
G C G C C G C G T C
480
A A G A T
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C A C G G
490
A T T T C G G T T T
500
C G G C C G C C A G
510
G C G C A C G G C T
520
A C C C A G A C C T
530
G G C C G C C G C C
540
T T C T G C G G C T
550
C G G C C G C G T A
560
T G C G T C A C C T
570
G A G G T G C T C C
580
T G
G G G C A T C C C
590
C T A C G A C C C T
600
A A G A A A T A C G
610
A C G T G T G G A G
620
C C T G G G C G T T
630
G T G C T C T A C G
640
T C A T G G T C A C
650
C G G G T G C A T G
660
C C C T T C G A C G
670
A C T C G G A C A
680
T
680
T G C T G G C C T A
690
C C C C G G C G C C
700
A G A AG C G C G G
710
C G T G C T C T A C
720
C C T G A C G G C C
730
T C G A A C T G T C
740
G G A AC G A TG C
750
A A A T C C T T G A
760
T C G C C G A G C T
770
G C T A C A G T
T C
780
A G C C C G T C T G
790
CC C G G C CC T C
800
G G C G G G C C A G
810
G T G G C G C G C A
820
A T G G C T G G C T
830
G C G GG C C G G G
840
G A C T C C G G C C
850
A T CG A T T T A A
860
GC TA T G G A G C
870
A A A A G C T CA
A T
880
T T C T G A A AA G
890
G A C T T G AA T G
900
A A AT G G A G C A
910
A A N C T C A T T T
920
C T G A A NA G GA
930
C T TG A AT G A A
940
A T G G A G C A A A
950
N C TC A T T T TT
960
N A A A AG A N T N
970
A A T G AAA T G G
980
A
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A C C A A A G C T C
990
A T T T T G A A A A
1000
G A N T N N A T G A
1010
A T G G A CA A A A
1020
G C T C N T TN T G
1030
A AN A G A N T N A
1040
A T G A A T G G A A
1050
A C T N G G C N A C
1060
T C C CA T G G N C
1070
A A A G T T N T
TT T
1080
T G A A A G A N T N
1090
A N T T A N G C CT
1100
N N G A C C T T A A
1110
A T T A N N G A T C
1120
G A T N C T A AA T
1130
C C AA TG A AA A
1140
A N N T N G T
218
219
220
221
222
223
224
Human cDNA sequence of TSSK4 with UTRs
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atacatcattctggaactggctcagggtggtgatgtcctt5'
 600
gaatggatccagcgctacggggcctgctctgagccccttg5'
 640
ctggcaagtggttctcccagctgaccctgggcattgccta5'
 680
cctgcacagcaagagcatcgtgcaccgggacttaaagttg5'
 720
gagaacctgttgctggacaagtgggagaatgtgaagatat5'
 760
cagactttggctttgccaagatggtgccttctaaccagcc5'
 800
tgtgggttgtagcccttcttaccgccaagtgaactgcttt5'
 840
tcccacctcagccagacttactgtggcagctttgcttacg5'
 880
cttgcccagagatcttacgaggcttgccctacaacccttt5'
 920
cctgtctgacacctggagcatgggcgtcatcctttacact5'
 960
ctagtggtcgcccatctgccctttgatgacaccaatctca5'
 1000
aaaagctgctaagagagactcagaaggaggtcactttccc5'
 1040
agctaaccataccatctcccaggagtgcaagaacctgatc5'
 1080
ctccagatgctacgccaagccactaagcgtgccaccattc5'
 1120
226
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tggacatcatcaaggattcctgggtgctcaagttccagcc5'
 1160
tgagcaacccacccatgagatcaggctgcttgaggccatg5'
 1200
tgccagctccacaacaccactaaacagcaccaatccttgc5'
 1240
aaattacgacctgaAAATGGCTGAGGGAGGGGGGTAAAAA5'
 1280
AGGAGCAAAACAGGAGGTTTTGGGCTAAAAATCTTTTTTA5'
 1320
CCAAAAATAAATTTAAGTTTGATTTAGTTTCCAAAAAAAA5'
 1360
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA5'
 1391
227
 228 
APPENDIX V 
MAPS OF THE VECTORS USED IN THE PRESENT WORK 
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